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Abstract Contact glow discharge electrolysis (CGDE)/plasma electrolysis (PE) which is
associated with the formation of a light emitting plasma around an electrode in a high
conductivity electrolyte solution at moderate voltages up to ~1 kV, has in recent years
attracted considerable interest as a tool for generating a large quantity of heat and a high
yield of solvent-split radicals. These potentialities of CGDE/PE have, in fact, been
exploited by a large number of investigators for applications ranging over areas as varied
as synthetic chemistry, waste water treatment, degradation of polymers, electrosurgical
tools, surface engineering, nanoparticle fabrication, machining and micro-machining,
hydrogen production with very encouraging results. The article reviews comprehensively
these results.

Keywords Contact glow discharge electrolysis - Electrolytic plasma technology -
Superabsorbent composites - Waste water treatment - Plasma electrolytic oxidation -
Nanoparticle fabrication - Micromachining

Introduction

Electrolysis of a relatively high conductivity electrolyte solution when driven by DC,
pulsed DC-, AC- or RF sources at several hundred volts to a maximum of ~1 kV, gives
rise to a light emitting gas-plasma around one of the electrodes immersed well inside a
liquid electrolyte. This electrolytic phenomenon with plasma formation at an electrode
dipped well inside the liquid is referred as contact glow discharge electrolysis (CGDE) or
plasma electrolysis (PE) where chemical reactions are brought about by processes addi-
tional to a normal electron transfer one between an ion and the electrode leading to strong
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non-faradaic chemical effects. The non-faradaic effects originate from energy transfer
processes between the energized particles emanated from the plasma and the species in the
electrolyte near the plasma-liquid interface, and also from the reactions within the plasma
around the electrode. These processes give rise to a high yield of solvent-split radicals such
as OH and H' near the electrode plasma-aqueous electrolyte interfacial area. The phe-
nomenon is also associated with generation of considerable heat in both the plasma and
near the plasma-liquid interface. These two effects have been explored under the name
electrolytic plasma technology (EPT) or electrolytic plasma processing (EPP) for a variety
of potential applications ranging over surface treatments (e.g. heating, cleaning, texturing,
micro-to-nanostructured coating and alloying metal surfaces), micro-precision machining
of non-conducting and conducting materials, fabrication of nanoparticles, synthesis of
compounds ranging from simple organics and bio-organics to polymers and superabsorbent
composites, treatment of waste waters containing various organic and inorganic pollutants,
degradation of polymers, electrosurgical devices, and hydrogen production. Results of
studies on the origin, plasma diagnostics and non-faradaic chemical effects of CGDE were
reviewed recently [1]. The progress made in several of the applications of CGDE/PE such
as surface engineering [2—6], micromachining [7], nanoparticle fabrication [§—12], waste
water treatment [13] and hydrogen generation [14] was reviewed over 1999-2015. How-
ever, there has not been published any comprehensive review covering the whole range of
current applications of CGDE in aqueous and non-aqueous media besides the above ones
for a specific application. Further, several more publications in the areas on these published
reviews have appeared. Certainly, there is a need for an updated review for the whole range
of application areas of CGDE. It may be mentioned that there has not been yet published
any review on applications of CGDE for synthetic chemistry, degradation of polymers and
bio-polymers. The article is aimed towards bridging these gaps and reviews applications of
CGDE in all the areas explored till date. It may be noted here that the use of high-voltage
(tens of kilovolts) electrolytic plasmas generated in low-conductivity (<50 puS/cm) water
or organic media such as gliding arc plasma discharges (glidarc) [15, 16], electrohydraulic
discharges (EHD) [15, 17-19] etc. for purposes like decontamination and sterilization of
water, is not covered in this article.

Background Information on Contact Glow Discharge Electrolysis
(CGDE)

Conventional electrolysis of an electrolyte solution when carried out at several hundred
DC, pulsed DC, AC or RF voltages breaks down accompanied by a steep fall in the current
after rising to some maximum with simultaneous formation of some vapor envelop
anchoring on the smaller electrode, the anode or the cathode immersed well underneath the
liquid electrolyte. The threshold voltage for the breakdown of normal electrolysis (NE) is
referred as the breakdown voltage (Vg). With further increases in the applied voltage, the
vapor envelop gets stabilized and at some critical voltage called the mid-point voltage
(Vp), a light emitting glow-discharge plasma fills the vapor envelop over the electrode and
the current records a minimum. At or beyond this voltage, a non-conventional electrolysis
generally referred as contact glow discharge electrolysis (CGDE) proceeds. The magnitude
of Vp (duly corrected for the Ohmic drop in the electrolysis cell) of CGDE at an electrode
though insensitive to electrolyte conductivity, temperature and surface tension, was found
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Fig. 1 Current—voltage characteristics of electrolysis [transition from normal electrolysis (NE)] to contact
glow discharge electrolysis (AB normal electrolysis, B breakdown voltage, BC transition region, CD partial
contact glow discharge electrolysis, D mid-point voltage, DE contact glow discharge electrolysis)

much higher for anodic CGDE (~420 V) than for cathodic CGDE (~280 V) [1, 20, 21]
(Fig. 1).

This large difference may be ascribed to the huge difference (~10* to 10° times) in
Townsend secondary electron emission coefficient from the cathode element between
cathodic CGDE plasma where the cathode is a metal, and the anodic CGDE plasma where
the cathode is the liquid near the plasma-anolyte solution interface. Consequently, the
cathode voltage drop where the majority of the voltage drop occurs in the plasma, is much
higher in anodic CGDE than in cathodic CGDE [1, 21]. The operation of a CGDE plasma,
and in particular the cathodic CGDE, one is attended with liberation of intense heat. This
strong thermal effect was, in fact, explored successfully for applications in surface engi-
neering, nanoparticle fabrication and machining and micromachining of materials. The
effect may be coupled with diffusion of chemical species both inward to the metal surface
and outward from the surface. Cathodic CGDE of aqueous electrolyte solutions was
explored also as a viable tool for generating steam with an efficiency of the order of 80%
with the possibility of its use to various liquid wastes [1, 22].

A detailed mechanism for the breakdown of NE at high enough voltages and for the
growth of a stable light-emitting plasma at the anode as the smaller electrode with tran-
sition to CGDE was elucidated. The mechanism was mainly based on Joule heating
induced local solvent vaporization near the anode surface and on the onset of Helmholtz-
Taylor’s hydrodynamic instabilities in the local vaporization there [1, 23] Though small
some degree of secondary electron emission from the anolyte solution cathode of the
anodic plasma may also contribute. Whereas for the transition of NE-to-cathodic CGDE, in
addition to local Joule heating of the electrolyte in the vicinity of the cathode surface and
the onset of hydrodynamic stabilities in local vaporization, large emission of secondary
electrons from the metal cathode of the plasma with sufficient kinetic energies appears a
major contributor to the origin of cathodic CGDE during electrolysis [1, 21].

Studies of diagnostics of CGDE plasmas generated in aqueous solutions by optical
emission spectroscopy (OES) showed that the plasmas were highly non-equilibrated
(Tetectron > Tgas), consisted of excited atoms, ions and molecules derived from the
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breakup of H,O molecules, the electrode material and cationic and anionic constituents of
the electrolyte. The plasma characteristics: the electron number density (7,) for the anodic
and cathodic plasmas as determined were of the order of 10*'-10%* and 10*°-102 m
respectively, and the electron temperature (7jzc1r0n) Was of the order of 10* K for both the
plasmas [1, 24-27].

A very remarkable characteristic of CGDE is its highly non-faradaic chemical yield.
The products of CGDE at the anode in K,SO, solution at a cell voltage of 440 V found
were: 2.00 mol/mol electron of H, and H,O, plus OF each, OF (O, in excess of the
faradaic yield) being in terms of equivalent H,O, over and above the faradaic yield of
0.25 mol/mol electron of O, [1, 28].

On the other hand, the products of CGDE at the cathode in KHSO, solution at a cell
voltage of 300 V were: 0.68 mol/mol electron each of O, (in terms of equivalent H,O,) plus
H,0,, and H: (H, in excess of the faradaic yield) over and above the faradaic yield of
0.50 mol/mol electron of H, [21]. A model based on two reaction zones viz. one within the
CGDE plasma around the electrode (plasma phase zone), and another near the plasma-
electrolyte solution interface (liquid phase zone) was proposed to elucidate satisfactorily the
mechanism of non-faradaic chemical effects of CGDE in aqueous media. In the plasma phase
zone, water (the electrolyte solvent) vapor molecules would break up by energetic plasma
particles into H and OH' radicals and subsequently into H, and O, following the mechanism
of dissociation of H,O molecules in electrical discharges through water vapor. The voltage
drop near the metal cathode in cathodic CGDE plasma being substantially higher than that
near the metal anode in anodic CGDE plasma, the plasma phase non-faradaic yields should
be more in the former than in the latter [1, 21, 28]. The data calculated from the non-faradaic
results described above showed indeed these plasma phase yields in terms of H, were
0.52 mol/mol electron in cathodic CGDE as compared to 0.40 mol/mol electron in anodic
CGDE. On the other hand, in the liquid phase reaction zone liquid water molecules on being
bombarded by the charged plasma particles (€plasma and HZO;;as in cathodic CGDE and
anodic CGDE respectively) would break up into H" and OH' radicals. The radicals mutually
would interact to form H, and H,O, plus O,. The electric field in the plasma-catholyte
solution interfacial layer (anode fall) in cathodic CGDE being ~ 1/3 rd of the field in the
plasma-anolyte solution interfacial layer (cathode fall) in anodic CGDE, the energy of the
bombarding plasma particles and consequently the liquid phase non-faradaic yields should
be much less in the cathodic than in the anodic CGDE. The liquid phase yield is most
conveniently expressed as the initial differential yield of H,O,, Gy (H;0,): Gy (H,0,)
mol/mol electron each of H, and H,O,. The data thus obtained in reference to the above
results showed indeed these liquid phase yields in terms of Gy (H,0O,) were
0.16 mol/mol electron in cathodic CGDE as compared to 1.60 mol/mol electron in anodic
CGDE. The distribution of plasma phase and liquid phase non-faradaic yields found in
cathodic CGDE: 76% and 24% respectively was, in fact, remarkably different from that for
anodic CGDE: 20% and 80% respectively [1, 21, 28].

As seen from the above, the liquid phase yields of anodic CGDE, H, and H,0, were
found quite high indicating to generation of considerably large yields of H and OH
radicals in its liquid phase reaction zone keeping in view also the high probability of
mutual interaction among these radicals back into H,O molecules. Several estimates made
for the primary yield of these radicals through the action of selected H as well as OH
scavengers, showed that 11 £ 1 mol/mol electron each of H and OH' radicals were
generated in the liquid-phase reaction zone of anodic CGDE [1, 29].

As one would expect, the potentiality of generating high local concentrations of H" and
OH' radicals and H,0, in the liquid phase reaction zone near the anode plasma-anolyte
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Table 1 Application areas of contact glow discharge electrolysis (CGDE)

Broad areas Specific areas

1. Synthetic chemistry Synthesis of bio-organics, polymers and superabsorbent
composites

2. Waste water treatment Degradation of aromatics, dyes, carcinogens such as

trichloroacetic acid, bromoform, dichloromethane,
antibiotics, pesticides, ammonia, MTBE, polymers, ionic
liquids, algae

3. Degradation of polymers Degradation of synthetic and biopolymers
4. Electrosurgical devices Fine control of the tissue excision, cauterization or debulking
processes

5. Surface engineering of metals and Heat treatment, surface cleaning, surface coating (such as PEO,
alloys PES, nano-structured, DLC), surface texturing and alloying

6. Nanoparticle fabrication Different metals and alloys nanoparticles

7. Machining and micro-machining of Electrochemical discharge machining (ECDM), spark assisted
materials chemical engraving (SACE)

8. Hydrogen production Hydrogen as energy carrier

solution interface made anodic CGDE well exploited for applications in synthetic chem-
istry, waste water treatment, polymer degradation, electrosurgical devices.

It may be noted too that both anodic and cathodic CGDE could give rise to considerably
large yields of H,, the former particularly from the liquid phase reaction zone and the latter
from the plasma phase zone. The H, generation by CGDE could be further increased
through the use of potential H' scavengers, one H, molecule being formed from one H’
radical by interaction with its scavenger. Among the potential H" scavengers are acetone,
methanol, ethanol, iso-propanol, n-propanol, n-butanol, etc. [29-31].

In fact, CGDE particularly the cathodic one has significant potentiality in the appli-
cation to H, production [14].

An operation of CGDE gives rise to two prominent effects: (i) localized liberation of a
large amount of heat within the plasma and in the liquid electrolyte near the plasma and (ii)
production of solvent-split radicals (e.g. OH and H' radicals from aqueous electrolytes) in
high local concentrations near the plasma-electrolyte interface and also to a significant
extent within the plasma around the electrode. Whereas the heating effect is considerably
more intense in cathodic CGDE, the liquid-phase radical yield is much higher in anodic
CGDE. The great potential of both of these chemical and thermal effects of CGDE was
exploited efficiently in a number of applications over diverse fields as specified under
Introduction (vide Table 1).

In fact, CGDE can offer an economical and green solution to water pollution abatement,
surface modification of metals and alloys, and several other technologies. The reactor
designs usually employed for exploring applications of CGDE are schematically described
in Fig. 2.

An overview of the salient aspects of all such applications of CGDE with illustrative
examples is presented here.
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Fig. 2 Reactor cell designs for studying applications of CGDE: a—c for general purpose and d for
machining and micromachining (Reproduced from [7] with permission from Elsevier Publishing Co.)

Synthetic Chemistry

Anodic CGDE is a potential tool for generating solvent split radicals (e.g. H and OH" from
aqueous, H" and NH;, from ammoniacal electrolytes) in high local concentrations near the
plasma-anolyte interface. This has opened up an avenue for synthesizing a variety of
compounds through radical medited routes. The first example of the synthesis by anodic
CGDE was reported by Hickling et al. who while studying CGDE of liquid NHj3 solutions
of NH4NO; at a thin Pt wire anode obtained hydrazine in yields 2 mol/mol electron at
500 V. They explained the finding in terms of mutual interactions between NH, radicals
generated by the bombardment of gaseous NH3" ions coming out of the plasma on liquid
NH; molecules in the anolyte [32].
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Synthesis of Bio-organics

In an attempt to explore CGDE as a simulation of lightning striking on the hydrosphere
under non-reducing atmosphere (mainly H,O, N, and CO,) on the primitive Earth, Harada
et al. synthesized bio-organic compounds. In this endeavor they used a glow discharge
anode just touching the liquid surface as against an usually immersed one underneath the
liquid electrolyte. They carried out successfully this way simulated pre-biotic synthesis of
several amino-acids by applying a current of 50-60 mA at 500-1200 V keeping temper-
ature at 10-20 °C: (i) from saturated aliphatic carboxylic acids (e.g. glycine, alanine,
aspartic acid, glutamic acid, a-aminobutyric acid from acetic, propionic, glutaric, succinic
acids) in aqueous ammonia with an yield of amino-acids up to 13% for an energy
expenditure of ~ 108 kJ [33]; (ii) from aliphatic amines (or amino acids) by direct car-
boxylation using formic acid (or formamide) in aqueous solutions at an energy con-
sumption of 4-12 x 10° kJ for each mole of amino-acids [34]; (iii) from ammonium
bicarbonate or ammonium formate in ammoniacal aqueous solutions with 0.001% and
0.03% conversion to amino-acids respectively for an energy consumption of ~ 14 to
15 x 10° KJ for each mole of the ammonium salts [35]; (iv) from elemental carbon in the
presence of aqueous ammonia with a conversion of 0.2% of the a carbon rod anode into
urea, glycine and other amino-acids for an energy consumption of ~24 x 10* kJ per g
atom of carbon [36]; (v) from B-unsaturated carboxylic acids and aqueous ammonia [37];
(vi) from 2-pyrrolidone in aqueous formic acid [38]; (vii) from aliphatic nitriles by ami-
nation in aqueous ammonia followed by hydrolysis and from aliphatic amines by
cyanization in aqueous NaCN followed by hydrolysis with an energy consumption of
~(9-17) x 10° kJ for each mole of glycine either from amination of acetonitrile or
cyanization of methylamine [39]; (viii) from several hydroxy amino acids, - and y- amino
acids and aliphatic amines by oxidative degradation in aqueous solutions with ~1 to 15%
conversions to glycine at ~ 120 kJ [40-43]. Obviously, the OH' radical produced during
anodic CGDE was the key oxidizing agent. CGDE could thus be utilized as a clean and
powerful oxidation technique. They demonstrated further that not only the OH' but also the
H' radical could participate during the synthesis by anodic CGDE with an appropriate
substrates e.g. aqueous CD3;COOH gave rise to both OHCD,COOH and HCD,COOH [44].
The authors showed also that maleic acid and acrylic acid solutions could undergo
simultaneous hydroxylation, hydration and hydrogenation during CGDE giving rise to
succinic acid, malic acid and tartaric acid from maleic acid; and propionic acid, B-hydroxy
propionic acid, lactic acid and glyceric acid from acrylic acid in significant quantities with
conversions of ~36 and ~20% for maleic acid and acrylic acid respectively at an energy
expenditure of 18 kJ for both the instances [45]. They attempted anodic CGDE for abiotic
formation of asparagine from alanine in formamide solutions [46]. They could utilize the
technique also for the conversion of the alanine residue of poly (alanine) in formic acid and
acetic acid solutions to aspartic acid, threonine, serine, glutamic acid and glycine residues
to the extent of 20% of the alanine [47]. In their further studies, NH; and HNO; were
shown to form during anodic CGDE of a very dilute H,SO, solution under N, atmosphere.
Further, when aliphatic carboxylic acids were added to the anolyte, aliphatic amines and
amino acids were found to form. The reaction was considered an experimental model for
lightning striking on the hydrosphere under a non reducing atmosphere (H,O, N, and CO,)
on the primitive earth [48]. Harada et al. did not restrict their studies on synthesis by CGDE
to amino acids only but to other bio-organic compounds too. The authors could synthesize
uracil, thyamine and orotic acid from their respective dihydro forms by CGDE in aqueous
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solutions and discussed the relation of these reactions to prebiotic formation of pyrimidines
[49].

Sen Gupta et al. showed that anodic CGDE at a well immersed thin Pt wire anode in
ammonical aqueous solutions of acetates and propionates while applying 420-500 V at
35-45 mA keeping temperature at around 20 °C gave rise to glycine and o-alanine
respectively in yields highly exceeding the Faraday law value and that the energy effi-
ciency for the synthesis of glycine increased by one to two order of magnitude by changing
the positioning of the anode from just touching the liquid to immersing well inside the
liquid. It was found that the energy efficiency of glycine production by this method was
1-5 x 10~* mol/kJ. This technique could, in fact, produce glycine at an energy efficiency
50-100 times that of spark discharge or X-ray for glycine production from the constituents
of a reducing atmosphere [50].

The scavenging action of formic acid for H and OH' radicals generated in the anolyte
~ during anodic CGDE was utilized by Sen Gupta et al. for synthesizing oxalic acid from
formic acid in aqueous solutions at 450 V with an ambient temperature of ~85 °C. They
showed that oxalic acid was produced in quantities significantly exceeding
1.5 mol/mol electron under this conditions [51].

Synthesis in Aprotic Media

The potentiality of anodic CGDE for synthetic applications in aprotic media was
demonstrated by Tezuka et al. The authors carried out cyanation of benzene/monosub-
stituted benzenes from their solutions in acetonitrile containing lithium perchlorate or
tetracthylammonium bromide as the supporting electrolyte. It was noted that 500 V anodic
CGDE at 20-30 mA of acetonitrile itself containing either of the supporting electrolytes
keeping the cell in an ice-water bath gave rise to propionitrile and succinonitrile each in
yields exceeding 100% in moles of product formed for each mol electron of electricity
passed. They showed also that N, N-dimethylaminoacetonitrile was formed when N,
N-dimethylformamide was used as the solvent. These chemical effects of CGDE appeared
to originate from bond cleavage of the solvent molecules by the bombardment of energized
gaseous positive ions from glow discharges [52].

Synthesis of Polymers and Superabsorbent Composites

Sen Gupta et al. made an attempt to exploit the radical generating potentiality of anodic
CGDE for polymerization of acrylamide in aqueous media at 660 V and 40-50 mA using
an ambient temperature of ~45 °C and could synthesize polyacrylamide successfully in
considerably high yields. The authors measured percent monomer conversion, polymer-

ization kinetics, productivity/charge efficiency and viscometric molar mass (My) of the
polymers produced as functions of the quantities of electricity passed. They showed that
the charge efficiency of polymerization of acrylamide by 660 V anodic CGDE was 166 in
terms of the number of electrons consumed to generate a molecule of polyacrylamide of
My ~ 11 x 10° as compared to the charge efficiency of 2200 by ordinary electrochem-
ically initiated polymerization, showing efficiency of anodic CGDE an order of magnitude
higher than that by ordinary electrolysis for polymerization [53].

Gao et al. made use of the polymerization potentiality of anodic CGDE for successful
synthesis of superabsorbent composites through co-polymerization of acrylic acid and
acrylamide in the presence of montmorillonite using a voltage 700 V and current of 50 mA
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at room temperature. The water absorbency (1024 g/g for distilled water and 56 g/g for
0.9% NaCl solution), water retention and thermal stability of the superabsorbent prepared
this way were higher than those of the superabsorbent prepared by a conventional method
using chemical initiators [54]. They extended further their studies on the utilization of
anodic CGDE as a tool of co-polymerization for the synthesis of a number of superab-
sorbent hydrogels. Examples of these superabsorbent hydrogels include polyvinylpyrroli-
done/acrylic acid hydrogels for adsorption of Pb (II) and other heavy metal ions with
conformity to the Langmuir adsorption model [55]; poly(methylmethacrylate-butyl
acrylate) for oil absorbency of 28.5 g/g for benzene, 25.4 g/g for toluene, 28.0 g/g for
xylene, 38.1 g/g for chloroform and 37.0 g/g for carbon tetrachloride [56]; acrylic acid-
poly(ethylene glycol) hydrogel for the adsorption of heavy metal ions [57]; a superab-
sorbing composite[HEC-g-P(AANa-co-AMPS)] made by graft copolymerization of acrylic
acid and 2-acrylamido-2-Me propane sulfonic acid onto hydroxyethyl cellulose (HEC) for
efficient removal of heavy metal ions [58]; poly(2-acrylamido-2-methy-1-propanesulfonic
acid- co-acrylic acid), a potentially smart water superabsorbent with maximum equilibrium
swelling (1.685 g H,O/g dry hydrogel) for use in agriculture, horticulture, hygiene prod-
ucts, pharmaceutics and biosensors [59]; poly(acrylic acid) grafted on to carboxymethyl
cellulose (CMC), a highly pH-sensitive superabsorbent smart hydrogel as a promising
candidate for drug delivery systems, hygiene products, agriculture and horticulture [60];
poly(acrylamide-co-acrylic acid) hydrogel which adsorbs very efficiently cationic dyes e.g.
Crystal Violet, Methylene Blue from 5 to 10 pH aqueous solutions through a multi-step
diffusion process with chemisorption as the rate-limiting step [61]; and poly (butyl
methacrylate-co-butyl acrylate), a highly efficient oil absorptive resin utilizing emulsion
polymerization technique [62].

In recent years, anodic CGDE at a Pt wire in aqueous solutions was exploited by Zhang
et al. with a graphite rod as the cathode in the voltage range of 500-650 V DC to prepare
pH and temperature dual sensitivity intelligent hydrogels based on reed hemicellulose as
the backbone on which acrylic acid (AA) and N-isopropyl acrylamide(NIPAAm) mono-
mers were copolymerized through N,N-methylene-bis (acrylamide) (MBA) as the
crosslinking agent. Among the hydrogels prepared over 500-650 V span, the one obtained
at 600 V exhibited the highest sensitivity to temperature and pH, and the maximum de-
swelling ratio as well. They observed also that de-swelling behavior of all reed hemicel-
lulose-based hydrogels prepared followed first order kinetics [63]. The authors applied this
method further for graft copolymerization of acrylic acid (AA) monomer on to the cel-
lulose network through N,N-methylene-bis (acrylamide) (MBA) as the crosslinker in
aqueous NaOH/urea solutions at 500-630 V DC to synthesize novel ionic hydrogels
possessing multi-stimulus responses to pH and salts. The swelling behavior and the net-
work structure of the hydrogels thus obtained could be controlled by changing the dis-
charge voltage/time and the highest swelling ratio in distilled water was observed for the
hyrdrogel prepared at 570 V and 90 s. It was found that hydrogels prepared under different
discharge voltages/times exhibited different response behavior to change of pH, ionic
species, and concentrations. Shrinkage of the network hydrogels and lowering in swelling
ratio could occur at higher or lower pH. The hydrogels were found more sensitive to Zn>"
and Fe®T buffers as compared to a Na™ buffer, and showed network shrinkage and lower
swelling ratio. Furthermore, these hydrogels showed a reversible on—off switching
behavior in acidic—neutral solutions. These smart hydrogels have prospective applications
in areas like agriculture, food and drug delivery [64].

A new direction for polymerization potential of CGDE was given by Friedrich et al. The
authors could exploit CGDE using right-angled wave AC at 1-3 kV at ~55 °C between a
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Table 2 Synthetic applications by CGDE with energy efficiency (in mol/kJ)

S. No. Synthesis of Energy efficiency Reference
(mol/kJ)
1. Hydrazine from ammonium nitrate in liquid ammonia solution 4x107° [32]
2. Aspartic acid from succinic acid in ammoniacal solutions 3.5 x 1077 [33]
3. a-Alanine from propionic acid in ammoniacal solutions 42 x 1077 [33]
4. Glycine from acetic acid in ammoniacal solutions 12 x 1077 [33]
5. Glycine from methyl amine in formic acid solution 1.7 x 1076 [34]
6. Glycine from ammonium formate in ammoniacal solution 1.8 x 107° [35]
7. Urea from elemental carbon in ammoniacal solution 1 x 1073 [36]
8. Glycine from amination of acetonitrile in aqueous ammonia 1 x107°¢ [39]
9. Glycine from cyanization of methyl amine in NaCN solution 2% 107¢ [39]
10. Glycine from isoserine in aqueous solution 3x 107 [40]
11. Glycine from B-alanine in aqueous solution 0.6 x 1077 [42]
12. Glycine from ethylamine in aqueous media 1.8 x 107¢ [43]
13. Tartaric acid from maleic acid, in aqueous solutions 29 x 107 [45]
14. Glyceric acid from acrylic acid in aqueous solutions 2x107° [45]
15. Glycine/o-alanine from acetate/propionate in ammoniacal media 1-5 x 10~ [50]
16. Oxalic acid from formic acid in aqueous media 33 x 107° [51]
17. Propionitrile from acetonitrile 2 x 107° [52]
18. Polyacrylamide from acrylamide in aqueous media 1 x 1077 [53]

jacketed stainless steel rod electrode with a sintered disc at the bottom and a Pt wire
electrode in distilled water containing poly (ethylene glycol) (PEG), N,N'-methylenebis
(acryl amide) (MBA), acrylic acid monomer (AA) and pieces of macroporous ultra-high
molecular weight poly (ethylene) (UHMWPE) membranes for coating and filling of the
membrane pores successfully. OH' radicals generated in the process functionalized the
inner (pore) surfaces of the membranes by —OH groups, gave rise to radicals derived from
PEG which in turn initiated homopolymerization of AA to PEG-PAA copolymer chains.
The latter were crosslinked by MBA and the PAA-PEG-MBA hydrogels so formed could
penetrate into the pores of UHMWPE membranes even at the trickiest sites by plasma-
induced shock waves and vigorous stirring, and adhere very well to OH-functionalized
groups there as demonstrated by SEM of their cross-sections. The polymer hydrogels thus
prepared were found held intact and well adhered to the OH functionalized inner PE
surfaces through interactions among OH, COOH and other minor functionalities. They
further demonstrated the biocompatibilities of these hydrogels by cell adhesion tests on the
copolymer coated PE using IEC-6 cells [65].

The energy efficiency data of CGDE (mol/kJ) for various synthetic applications are
presented in Table 2.

Waste Water Treatment
The very strong oxidizing power of OH' radicals produced in high local concentrations in

the anolyte during anodic CGDE gave rise to an avenue for its utilization as an environ-
mentally benign technology for the treatment of industrial, agricultural and domestic waste
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waters containing harmful pollutants. H,O, formed in the liquid phase reaction zone also
play an important role in the treatment of waste waters. Even H' radicals may also exhibit
their reducing potentiality for an appropriate waste in the water treatment. Interestingly, the
technique requires neither any special power source nor an evacuating system for
destroying hazardous substances. The method has the potential of degradation of a variety
of organics, reduction of Cr(VI), inactivation of algae in waste waters.

Degradation of Aromatics

Effluents from industries manufacturing antioxidants, disinfectants, pesticides, herbicides,
synthetic dyes, wood preservatives, detergents, medicines etc. contain considerable
quantities of toxic aromatic compounds many of which have carcinogenic character and
been notified as priority pollutants. These compounds comprise a substantial majority of
the pollutants in waste waters. Anodic CGDE is a potential tool for abatement of such
aromatic pollutants through exhaustive oxidation mainly by OH' radicals. A systematic
investigation for degradation of selected aromatic compounds as model pollutants in
aqueous media by 500-750 V anodic CGDE at 100400 mA depending on the cell con-
figuration and elctrolyte composition was initiated by Tezuka et al. with the aim of
treatment of wastewaters. They studied kinetic and mechanistic aspects of exhaustive
oxidation of benzoic acid [13, 66, 67], aniline [13, 68], phenol [13, 69, 70], cresols
[13, 71], mono- [13, 72, 73], di-and tri- [74], tetra- [13, 75] and pentachlorophenols
[13, 76], benzene- [13, 77], alkylbenzene- [13, 78] and alkane sulphonates [79] in neutral
phosphate buffers to inorganic carbon by anodic CGDE. They further observed mineral-
ization of mono- and poly chlorophenols to chloride ion besides inorganic carbon. Obvi-
ously the attack of OH' radicals on the benzene ring during anodic CGDE was the key step
in these degradations. It was found that by anodic CGDE at 35 W pentachlorophenolate
would be removed at an efficiency of 100% in 2 h which was higher than that of other
AOPs like photocatalytic UV/TiO, 125 W high pressure Hg lamp, sonolytic ozonization or
Fentons reagent [76]. Further, by anodic CGDE at 45 W benzene- and p-toluene- sulfonate
could be removed at an efficiency of 100% in 3 h as compared to 100% in 2 h by UV/TiO,
500 W for benzenesulfonate and also to 100% in 3 h by ozone at 24 mg/min, pH = 3.0 for
p-toluenesulfonate [77, 78].

The study on phenol degradation by anodic CGDE was also undertaken by Gao et al.,
Liu et al., and Wang both in the absence and presence of Fe’* as well as Fe®" catalyst.
They also employed 500-900 V at ~ 100 mA. Their results on degradation of phenol
[13, 80-83], nitrophenols [13, 84—86]. Chlorophenols [13, 87-90] and chloroanilines [91]
showed that the rate of the degradation was considerably enhanced by Fe* and more so by
Fe** catalyst to as high as 93.3%. The reaction intermediate found was different in the
presence of the catalyst though the final products were carboxylic acids in all cases. They
found advantages of acidic or neutral media over a basic one. The energy efficiency of
phenol degradation by anodic CGDE was found 0.6 x 107® mol/kJ. It rose to
7.4 x 107° mol/kJ in the presence of Fe>™ and to 9.5 x 107® mol/kJ in the presence of
Fe** each at an energy input of 50 W. The results could be compared to the efficiency of
2.28 x 107° mol/kJ by 2 MW spark discharge [83]. They studied also the efficiency of
other electron acceptor catalysts such as Cr(VI), H,O, and Cu®* but found Fe** the most
effective.

A study on degradation of chloro- and nitrobenzenes by anodic CGDE in aqueous media
was carried out by Liu et al. They observed p-chloro phenol [13, 92] and o-nitro phenol
[13, 93] respectively as the predominant products. In their further studies on degradation of
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p chloronitrobenzene (PCNB) by 450-550 V anodic CGDE, it was found that PCNB
degraded to p-nitro phenol, 2-chloro-5-nitro phenol, oxalic and formic acids, chloride and
nitrate ions but no chlorophenol indicating that dechlorination was easier than denitration
from the aromatic ring of PCNB [94].

A study on exhaustive breakdown of 4-phenolsulfonic acid (4-PSA) by 500 V anodic
CGDE at ~70 mA in a neutral phosphate buffer was undertaken by Yang et al. They
observed that most of its total organic carbon (TOC) and sulphonate group was converted
to inorganic carbon (IC) and the corresponding sulphate ion respectively. They proposed a
reaction pathway involving successive attacks of OH and H' radicals on the basis of the
products and the kinetics observed. It was found also that that the rate of degradation of
4-PSA was enhanced by Fe’* and Fe*" ions and influenced considerably by pH of the
reaction media [95].

Anodic CGDE at 600 V of water contaminants containing with two aromatic rings
degrades them to complex products. Gao et al., Gai et al. observed that 2-naphylamine
gave rise to o-phthalic acid, salicylic acid and catechol [13, 96]; diphenylamine to even-
tually inorganic carbon (IC) [97] and azobenzene to aniline [13, 98]. Interestingly, whereas
the primary step in the degradation of an aromatic by anodic CGDE was the attack of OH’
at the aromatic ring, formation of aniline from azobenzene pointed clearly to a role of H’
generated during CGDE. These findings showed that while proposing the mechanism of
degradation of compounds, the combined effect of OH and H" along with H,O, should be
taken into account.

While investigating pulsed DC CGDE induced degradation of p-benzoquinone, a model
organic pollutant in water, Bratescu et al. introduced the coherent anti-Stokes Raman
Spectroscopy (CARS). The authors carried out pulsed DC CGDE (with peak values of
voltage and current of 4 kV and 4 A respectively) of 10 kHz and 250 ns pulse width
between two Pt rod electrodes in a 20 mM aqueous solution of p-benzoquinone with 1 mM
KCI and observed initially an increase in the intensity of the CARS signal at 1233 cm™'
corresponding to the ring vibration of p-disubstituted benzene, and at 1660 cm ™" due to the
C=C symmetrical stretching vibrations. This indicated to polarization of p-benzoquinone
molecules by the plasma electric field and an orientation of the molecules with the elec-
trical dipole arranged along the electric field. This enhancement in the signal intensity,
however, decayed after switching off the HV pulse of the plasma with a time constant of
about 20 ps. This decrease in the signal intensity was ascribed to degradation of p-ben-
zoquinone by CGDE generated OH' radicals into maleic acid and succinic acid, and by H’
radicals into hydroquinone, the latter being attacked further by OH' radicals into oxalic
acid. The formation of the final degradation products was confirmed by liquid chro-
matography analysis. The authors showed further that p-benzoquinone after the CGDE
treatment of 30 min might degrade to more than 50% of its initial value [99].

Degradation of Trichloroacetic Acid

During water treatment by chlorine, especially in the chlorination of drinking water, a part
of organic compounds gets converted into chloroacetic acids which are toxic and car-
cinogenic. These acids can get into human body through ingestion, inhalation and dermal
contact. Though mono- and di-chloroacetic acids can be decomposed by AOPs, tri-
chloroacetic acid (TCAA) is very stable, un-reactive toward the oxidizing reagents
including the most potent hydroxyl radicals (OH’). Wang et al. made an attempt to
dechlorinate and decompose TCAA by CGDE at a Pt wire anode at 600 V and 75-85 mA
in a Na,SO, solution at ~27 °C. The authors observed that TCAA underwent
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dechlorination and decomposition efficiently into inorganic carbon (IC) and C1~ through
the intermediacy of the products: di-and mono-chloroacetic acids besides acetic acid and
formic acid by the action of CGDE. It was seen that an energy consumption of ~ 1200 kJ
could dechlorinate completely a 150 ml aliquot of 1 mM TCAA solution into C1™ ion. Due
to the absence of any «-H in trichloroacetic acid, the initial involvement of Caq which

would form by H-H,O reaction followed by the attack of H and OH' on the intermediates
was suggested to explain the total degradation of trichloroacetic acid [100].

Degradation of Bromoform

Bromoform (BF), commonly used in laboratory and industry and generated during the
chlorination of drinking water, ozonation of sea water and purification of swimming pools
is a widespread stable toxic contaminant in water. BF is a proven carcinogenic and has
been classified as a group B2 carcinogen. Wang et al. employed CGDE at a Pt wire anode
at 500 V and ~ 100 mA in a Na,SO, solution at ~27 °C to debrominate and decompose
BF in wastewater efficiently into inorganic carbon (IC) and Br~ through the intermediacy
of the products: formic acid and oxalic acid, dibromomethane and bromate ion. It was
shown that alkaline conditions and the presence of organic additives promoted both the
removal and the debromination of bromoform. An energy consumption of ~ 300 kJ could
debrominate completely a 150 ml aliquot of 0.4 mM bromoform solution into Br™ ion. It
was suggested that at alkaline pH, e__, the conjugate base form of H', was the predominant

aq’
primary species for the initial attack on bromoform forming Br~ and dibromomethyl
radical, and OH radicals were the ones for oxidation of the intermediate byproducts. In the
presence of an OH' radical scavenger e.g. iso-propanol, methanol, tert-butanol etc. as a
model organic additive, the effective concentration of €,y Was increased and more bro-
moform was removed as bromomethyl radicals and more Br~ was produced. Hydrolyses
and oxidations of the resulting bromo-methyl radicals contributed to the formation of
formic acid and oxalic acid for the debromination of the organic bromine [101].

Degradation of Dichloromethane

Dichloromethane (DCM), a widely used solvent for manufacturing various products is
present in significant quantities in water bodies due its high water solubility. DCM con-
taining wastewater can harm central nervous system, cause renal and liver dysfunction,
liver cancer and lung cancer in humans. DCM has been categorized as a B2 group car-
cinogen and a priority pollutant in water a B2 group carcinogen and a priority pollutant in
water. Wang et al. in their further studies on wastewater treatment by CGDE, subjected
aqueous dichloromethane, to CGDE at a pointed Pt wire anode at 560 V and 75-85 mA in
a Na,SO, solution at ~27 °C, for its dechlorination and decomposition and investigated
the mechanism of degradation of dichloromethane. It was found that dichloromethane
underwent effective dechlorination and decomposition by CGDE. Further, both
removal and dechlorination of DCM increased with increasing pH and with addition of iso-
propanol, a typical OH" radical scavenger and decreased with the presence of NOj, a
typical quencher of Cag Formic acid and formaldehyde were the major intermediate

byproducts. Final products were carbon dioxide and chloride ion. Hydrated electrons were
the most important among the primary active species (e, H and OH)) for initiation of the
reaction, and OH' radicals were the ones for oxidation of the intermediate byproducts.
Hydrolysis of the resulting chloromethyl and dichloromethyl radicals played an important
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role in complete mineralization of the organic chlorine. The authors proposed a reaction
mechanism based on the dechlorination kinetics and the distribution of intermediate
byproducts. It might be noted that the energy efficiency of dichloromethane degradation by
CGDE (1.31 x 107° mol/kJ at pH 7.0 and 2.05 x 10® mol/kJ at pH 11.0) was 4—5 times
that by photocatalysis or ultrasonic degradation, especially in basic media [102].

Treatment of Cr(VI) Solutions

Cr(VI) in Cr-containing effluents from metal finishing, leather tanning, dyeing, electro-
plating and textile factories impose severe environmental threat and causes health prob-
lems due its toxicity, mobility, mutagenecity, and carcinogenicity. Reduction of Cr(VI) to
relatively harmless Cr(IIl) and its removal as Cr(OH); is a way to treat Cr(VI) containing
effluents. Possibility of wastewater treatment for Cr(VI) solutions by anodic CGDE was
investigated by Wang et al. and Liu et al. They applied 500 V with a current of 100 mA
and studied the treatment both in absence and presence of OH' scavengers such as phenol,
ethanol etc and observed significant reduction of Cr(VI) to Cr(IIl) in either case at
~27 °C. The rate of reduction was interestingly found enhanced in the presence of phenol
etc. They ascribed the observed reduction to the role of H' radicals produced during anodic
CGDE and its enhanced rate in the presence of phenol to the increased availability of H’
since phenol could scavenge OH' and prevent formation of H,O by the reaction between H’
and OH" [13, 103, 104]. The energy efficiency for treatment of Cr(VI) in potassium
dichromate solutions by 50 W anodic CGDE was found 0.5 mg/k]J as compared to
0.01 mg/kJ in the treatment by 125 W UV/TiO, at pH 1.0 [103].

Degradation of Dyes

Organic dye containing effluents from textile dyeing and printing industries besides
causing eutrophication of receiving water bodies, incorporates the bio-refractory compo-
nents as well adding to the difficulty of purifying the wastewater. Generally, dyes are one
of the major pollutants in water. Dyes are toxic, some are carcinogenic and some are
harmful to aquatic life. A number of researchers Gao et al., Jin et al., Wang, Gong et al. and
Ramjaun et al. attempted utilizing 500-600 V anodic CGDE at 60-80 mA for the treat-
ment of dye-containing wastewaters using several dyes as model dyes at ~27 °C. The
mechanism of degradation of a sample textile dye Brilliant Green (4,4’ bisdiethylamin-
odiphenyl triphenyl cation) used in textile industries by anodic CGDE was elucidated by
Gao et al in detail by monitoring its degradation by GC-MS technique: OH' radicals, the
very powerful oxidant product of anodic CGDE, in very high yields cleaved the dye
molecule into benzoic acid and 1,2,3,4,5,6-cyclohexanehexaol at first This is followed by
opening the rings of these intermediates further producing lots of smaller molecule of
organic acids such as 2-hydroxypropanoic acid, hydroxyacetic acid, 4-oxopentanoic acid,
oxalic acid and succinic acid besides (1E,2E)-ethanedial dioxime and glycerol. The finding
showed also that the dye Brilliant Green rapidly underwent degradation and eventually
mineralized into CO, and H,O [105].

The other authors studied kinetics of degradation of several other dyes and mechanism
in certain cases dyes such as Cationic Blue [13, 106], Methyl Orange [13, 107, 108],
Acridine Orange [13, 109], Acid Orange 7 [13, 110, 111], Weak Brilliant Red B and Weak
acid Flavine G [13, 112], Polar Brilliant B [13, 113], Crystal Violet [13, 114], Methyl
Violet [115], Alizarin Red S [13, 116], Reactive Yellow 176, Reactive Red 239 and
Reactive Black 5 [13, 117], Cationic Red [118] and Eosin [13] as target pollutants by
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anodic CGDE both in the absence and the presence of Fe?" catalyst (Fenton’s reagent). It
was inferred that Fenton’s reagent improved significantly the efficiency of dye degradation.
Such enhancing effects on dye degradation were also shown by Fe**, Cr(VI). The
degradation rate was found stable and varies over ~90 to ~100%. However, inhibitory
action was shown by OH' scavengers like ethanol and CI". As an extension of these studies,
a multi anode system was tried for degradation of Acid Orange 7 and an increase in the
efficiency of H,O, formation as well as dye discoloration was observed [119].

Degradation of Ionic Liquids

Ionic liquids (ILs) regarded as a potential “green” alternative to volatile organic com-
pounds have strong toxic effects on aquatic organisms and impose a potential threat to the
environment.

For degradation of imidazolium-based ILs in waste waters, Yan et al. attempted CGDE
of ILs at a temperature below 70 °C applying 400-750 V at 0.6—1 A with a wolfram stick
cathode and a steel plate anode, and found ILs rapidly degrading into NO;, NOj, formic
acid and acetic acid at an energy efficiency of ~1 mg/k]. The degradation followed
pseudo-first order kinetics and occurred through the attack of O, OH" and H,0, generated
during CGDE. The degradation efficiency for ionic liquids decreased for different anions in
the order CI™ > Br~ > CH3;COO™ ~ BF,. Among the 1-alkyl-3-methylimidazolium
cations, the highest degradability was shown by the 1-butyl cation and the least by 1-ethyl
one [120].

Degradation of Antibiotics

The continuous input of antibiotics into the aquatic environment through anthropogenic
sources results in an increasing potential risk for aquatic and terrestrial organisms because
antibiotics may cause resistance in bacterial populations, making them ineffective for
treatment of several diseases in the near future. Jin et al. chose amoxicillin as the model
broad-spectrum antibiotic pollutant and studied kinetics of its degradation in Na,SOy4
solutions at ~30 °C by CGDE using a Pt wire anode at 510 V. They showed that the
degradation was more than 67% which got enhanced to more than 96% through the use of
Fe?*, Fe’" or stainless steel wire as a single or multi-anode. It was found that OH' radicals
only were responsible for the degradation and the energy efficiency could reach 6 g kW/h
[121].

Degradation of Pesticides

The presence of pesticides in food is a concern for human exposure to pesticides, and the
removal of pesticide residues from foods has become an important issue with respect to
food safety. While considering CGDE as a tool for degradation of pesticides in foods,
water should be chosen as the medium. This is most suited for fruits and vegetables. Hong
et al. selected two highly water soluble pesticide samples fenothiocarb (an acaricide) and
imidacloprid (an insecticide) for studying their degradation by CGDE in water with the
particular focus on their kinetics and pattern of degradation. The authors showed that the
degradation of fenothiocarb and imidacloprid in water using 220 V and 60 Hz. CGDE
achieved figures of 57.8% and 43.2% respectively which in the presence of HCl were
enhanced to 100% and 93.02% respectively. Acidic conditions favored either production of
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OH' radicals or enhancement of the degradation of organic compounds by OH'. However,
both the degradation rates and amounts for the pesticides were found reduced in the
presence of methanol apparently due to the competition between pesticides and methanol
for OH'. CGDE induced degradation of both the pesticides obeyed first-order kinetics.
Obviously, CGDE is a potential tool for removal of pesticide residues from fruits and
vegetables using water as a reaction medium [122].

Degradation of NH;

Ammonia from various wastes resulting from human and animal activities contaminate
water sources and is a threat to aquatic life as it can kill fish and cause algae bloom.
Kartohardjono et al. made use of OH" generating potentiality of anodic CGDE to remove
NH; from wastewaters. The optimal condition for NH; removal was achieved using
0.02 M KOH at 500-700 V and 60 °C when NH; degradation efficiency and energy
efficiency were 89.2% and 1.25 x 10™> mol/kJ respectively [123].

Degradation of Methyl Tert-Butyl Ether (MTBE)

Methyl tert-butyl ether (MTBE) is a serious ground water pollutant from accidental fuel
spills. Wen et al. studied kinetically its degradation by anodic CGDE in Na,SO, solutions
at 530 V into acetic and formic acids. The efficiency of MTBE degradation by this method
was found comparable to that of electrocatalytic oxidation [13, 124]. Further, the energy
efficiency of MTBE degradation by 53 W anodic CGDE was found 3.0 x 107¢ mol/kJ as
compared to 2.65 x 10~° mol/kJ by 200 W high-density plasma [124].

Degradation of Algae

Algae in waters often pose serious threat to the drinking safety. In an interesting
exploratory study, Jin et al. could work out optimum conditions for employing anodic
CGDE as a tool for inactivation of microcystis aeruginosa (MA), a notorious dominant
species in the fresh and marine water. They achieved an inactivation rate for the algae more
than 90% within 5 days of incubation after inoculation under optimal conditions of 530 V,
30 mA and 20 min of treatment time. The results gave strong evidence about the poten-
tiality of CGDE on the inactivation of MA in aqueous solution [13, 125].

The energy efficiency data of CGDE (mol/k]J) for degradation of water pollutants are
presented in Table 3.

Degradation of Polymers

The potentiality of anodic CGDE in generating high yields of radicals was exploited by
Harada et al. for degradation of polymers also. They studied the effect of applying 750 V
anodic CGDE at ~80 mA to poly (ethylene glycol) [126] and also of applying ~700 V
anodic CGDE at 60-120 mA to poly (acrylamide) [127] in aqueous solutions. Poly
(ethylene glycol) was found to undergo cleavage preferentially in a localized zone of the
reaction system. Poly (acrylamide) was found degraded stepwise caused by the cleavages
of the main and also of the side chains of the polymer. Further, Sandhir employed 470 V
anodic CGDE at 45 mA for degradation of poly (vinyl alcohol) in aqueous solutions [128].
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Table 3 Treatment of pollutants in waste water by CGDE with energy efficiency (mol/kJ)

S. No. Treatment Energy efficiency Reference
(mol/kJ)

1. p-Toluenesulfonate degradation 7 x 1077 [78]

2. Pentachlorophenolate degradation 3 x 1077 [76]

3. Phenol degradation 0.6 x 107° [80]

4. Phenol degradation in the presence of Fe*" catalyst 7.4 x 107° [80, 83]

5. Phenol degradation in the presence of Fe>* catalyst 9.5 x 107° [83]

6. Trichloroacetic acid dechlorination at pH 6.5 1.2 x 1077 [100]

7. Bromoform debromination at pH 7.0 2 x 1077 [101]

8. Dichloromethane dechlorination at pH 7.0 1.3 x 107° [102]

9. Dichloromethane dechlorination at pH 11.0 2% 10°° [102]

10. Reduction of Cr(VI) to Cr(II) 1.7 x 107° [103]

11. 1-Ethyl-3-methylimidazolium chloride degradation 6.6 x 107° [120]

12. Amoxicilline degradation 45 x 107° [121]

13. Ammonia degradation 1.25 x 1073 [123]

14. Methyl tert-butyl ether (MTBE) degradation 3.0 x 107° [124]

Poly (vinyl alcohol) was found to undergo simultaneous crosslinking and degradation
through the fracture of the main chain. Studies on polymer degradation were extended to
biopolymers also. Bae et al. studied depolymerization of fucoidan by anodic CGDE in
NaCl solutions and found its molecular weight decreased about 40 times [129]. Munegumi
et al. investigated degradation of several dipeptides by anodic CGDE and found that
C-terminal amino acid residue decomposed faster than the N-terminal amino acid residue
[130]. In recent years, as illustrated below, two large biopolymers were chosen for
degradation studies by anodic CGDE in aqueous media.

Chitosan, the deacetylated product of chitin, is a renewable biopolymer and has owing
to its large number of active hydroxyl (~OH) and amine (-NH,) groups, attracted con-
siderable attention for the adsorptive removal of dyes. In an effort to improve its adsorption
capacity, Wen et al. pre-treated chitosan by applying 530 V anodic CGDE to a suspension
of chitosan powder in Na,SO, solution. The authors found that the CGDE treatment
changed the morphology and crystallinity of chitosan particles, and increased the number
of —CH, and —CHj; groups in the chitosan samples. It was observed that the CGDE
modified chitosan had a higher maximum adsorption capacity for both acid and reactive
dyes than the untreated chitosan. The dye uptake of chitosan could increase twice by the
CGDE treatment. Thus CGDE is an attractive pretreatment method for environmental
adsorption materials. [13, 131].

Water hyacinth (WH), a lignocellulosic biomass through appropriate pre-treatment and
subsequent enzymatic hydrolysis may provide sugar for bioconversion to fuel ethanol and
biogas. The OH' and H,0, generating potentiality of CGDE was exploited by Gao et al. as
a pre-treatment method for WH. The pre-treatment by CGDE of the biomass in a FeCl;
solution at 450 V between a wolfram stick cathode and a stainless steel plate anode
resulted in the substantial reduction of the lignin content and cellulose crystallinity index of
WH. Further, the treatment enhanced the surface porosity by highly disrupting the compact
framework of the untreated WH. The authors showed that on pre-treatment by CGDE, the
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sugar yield from WH by enzymatic hydrolysis improved 16.6% to as much as 37.6%.
CGDE thus provides an efficient route to obtain high sugar yield from water hyacinth
[132].

Electrosurgical Devices

CGDE owing to its OH and H' radical generating potentiality was exploited as a plasma
scalpel in new electrosurgical devices for tissue treatments. Stalder et al. using optical
spectroscopy and electrical diagnostics studied microplasmas formed at the active electrode
of a probe immersed in a 0.16 M NaCl isotonic solution by 100 kHz RF square wave
voltage pulses of 200-300 V rms at discharge currents in the range 10-150 mA rms. The
probe consisted of a suitably organized set of small independent Ti elements as the active
multi-electrode and a stainless steel cap as the common counter electrode. The optical
emission spectra (OES) of the dense microplasmas grown at the active electrode exhibited
strong emissions at 306.4 nm characteristic of OH {A2Z" (v = 0) — X?TI(v" = 0)} and
at 653.6 nm characteristic of H, (n = 3 —» n = 2) besides Na D—Iline at 589 nm. The
authors found parameters of these electrosurgical plasmas such as electron temperature
(T1ectron) as ~4 to 6 eV and of electron density (n.) as ~ 102 cm™>. Obviously these OH
and H' radicals were generated in the process by plasma electron-impact dissociation of
water vapor molecules. When a biological tissue was positioned in proximity to the ener-
getic microplasmas localized near the active electrode, the OH" and H' radicals from the
plasma might encounter surfaces such as collagen or other tissue structures and react quite
strongly with the surfaces through numerous reactions with proteins, collagen molecules of
the tissue. Several of these reactions led to abstraction of H atoms from a highly hydro-
genated protein surface, and subsequent reactions of the dehydrogenated protein could took
place, leading to their fragmentation. Further, energetic plasma electrons could penetrate
many monolayers of liquid water before losing significant energy, and induce direct frag-
mentation of underlying collagen proteins. These plasma surgical devices as compared to
traditional electrosurgical tools operated at a much lower temperature (40-70 °C) and thus
minimized the damage to the surrounding healthy tissue. These avoided further contact of
the electrode with the tissue reducing greatly the charring deposit on the electrode, and
prevented current through the body which might lead to the pad site burn and temperature
increase in the body. These devices are, in fact, finding increased use in surgical procedures
requiring fine control of the tissue excision, cauterization or debulking process [133—-136].

Surface Engineering

As early as 1893 CGDE was exploited as a surface engineering tool for electrolytic heat
treatment of steel cathodes to improve their surface hardness and wear resistance by
Lagrange and Hoho, and later by other investigators. [137-142]. Since then CGDE
cathodic as well as anodic has undergone numerous stages of improvisation over the years
generally under the name PE (plasma electrolysis), EPT (electrolytic plasma technology)
or EPP (electrolytic plasma processing) and emerged an environment friendly high per-
formance surface engineering tool not simply for hardening and welding metal work pieces
but mostly for high potential cleaning and coating of metal surfaces with immense promise
of applications to biomedical, aerospace, automotive, oil, gas, electric and other tool
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industries. During these processes, not only heat evolution, diffusion and plasma chemical
reactions besides electrochemical ones are occurring, but also cataphoresis of macropar-
ticles away and towards the electrode surface may take place.

Plasma Electrolytic Heat Treatment of Metals

The technique of electrolytic heat treatment of metal cathodes was improvised later by Hoho,
Yasanogorodskii and others for high speed and plain carbon steel twist drills [137-149]. The
process is generally carried out at ~500 V and ~25 A DC or AC or DC pulses. In this
process the surface temperature of a steel cathode rises with rapid heating rates to temper-
atures exceeding the austenitization temperatures. When the current is switched off the
plasma film breaks and the hardening specimen comes in contact with the cold electrolyte in
its vicinity and gets quenched. By the end of the electrolytic heat treatment, the steel surface
hardens due mainly to formation of martensite while maintaining the core at its original
toughness. The formation of martensite is confirmed by the results of light microscopy. It was
found further that higher is the voltage applied, the lower the content of the ferrite-pearlite
component in the structure, and the latter is primarily represented by martensite.

Recently Hikino et al. developed anodic PE for applications to surface heat treatment of
AZ series magnesium alloys with varying aluminium content in phosphate electrolyte
solutions using a voltage range of 250400 V. The effect of the treatment on
microstructure as well as mechanical properties of the alloys was examined in detail. They
observed significant changes in tensile strength of only AZ61 and AZ91D alloys having
relatively high aluminium content (>6%). Further corrosion resistance on the corrosive
magnesium alloy is improved by this treatment. Possibly the metal structure near the
surface is made to change by the plasma electrolytic treatment under optimum conditions,
and then to improve the mechanical property [150].

Plasma Electrolytic Cleaning of Metal Surfaces

Cathodic PE has proved a highly useful environment friendly single step technique for
cleaning surfaces of ferrous and non-ferrous metals and alloys from oxides, dirt, lubricants
etc. which is essential to many applications such as coating, drawing etc. Surface cleaning
results in surface morphology desirable for improved adhesion and lubrication. Nie et al.
developed cathodic PE at 170-200 V in the normal glow region and current density of
0.23-0.45 A/cm? for effectively removing oxides, mill scales, dirt, lubricants etc. from low
carbon steel (AISI 1010) surfaces in NaHCOj; at 75 °C. The cleaned surface had highly
desirable anchor profiles and was nano-crystalline. Corrosion tests on the samples when
cleaned by PE showed a significant improvement in the ennoblement of the sample surface
over the surface cleaned by mechanical grinding. This was attributed to the increased rate of
cathodic processes caused by surface homogenization and removal of the oxide layer
[3, 151]. In an attempt of further development in PE cleaning, Mathews et al. employed
pulsed 100-350 V DC cathodic CGDE for thermally hardened AISI 4340 steel samples in
NaHCOj; solutions at 70 °C. The new method as compared to simple DC treatments resulted
in reduced surface roughness and in the compressive residual stress at the surface [4, 152].
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Plasma Electrolytic Coating of Metal Surfaces: Plasma Electrolytic Oxidation
(PEO)

PE or EPT/EPP offers a number of promising surface coating methods such as plasma
electrolytic deposition (PED) including plasma electrolytic oxidation (PEO) and plasma
electrolytic saturation (PES) covering plasma electrolytic nitriding/carburising/boriding
(PEN/PEC/PEB) or their hybrids [2, 3]. It may be noted in this context that the difference
in chemical composition between the heated surface of the metal electrode and its vapor
envelope drives diffusion processes in PED methods.

Plasma electrolytic oxidation (PEO) of metal anode surfaces is a potential technique for
fabricating hard oxide ceramic coatings with reduced friction coefficient under lubricated
as well as dry conditions, on valve materials such as Al, Mg, Ti, Zr etc. metals and alloys.
The method improves significantly the resistance to abrasive wear even in corrosive
environments and is frequently exploited commercially e.g. in textile machines, aerospace
components, gas/oil extraction and refining machinery etc. The thickness of PEO coatings
can range from tens to hundreds of microns, depending on the power supply, substrate and
electrolyte used. PEO is, in fact, an emerging technique to develop firmly adherent,
crystalline, porous, relatively rough and thick oxide coatings on valve materials in some
environmental friendly electrolyte. The following is an account of varied examples of
applications of PEO.

PEO of Aluminium and Its Alloys

Matthews et al. showed that AC-pulse PEO of an Al alloy (e.g. H30T) anode in a suit-
able passivating electrolyte like Na,SiO5 solutions led to as thick as 500 pm and as hard as
23 GPa well-adhered alumina-based layers on the metal surface with excellent prospects
for many tribological applications [2]. They studied also DC PEO of 6082 Al alloy anode
in KOH solutions in respect of oxide film growth, anodic dissolution and oxygen liberation
at voltages 500-900 V and current densities in the range 467-1407 A/m”. During this
process the rate of oxygen liberation at the anode exceeded the Faraday law value. They
found that the overall current efficiency of the oxide film formation was estimated to be in
the range of 10-30%. These authors demonstrated further that use of pulsed bipolar current
in 1-3 kHz range in place of 50 Hz AC led to a qualitative improvement in PEO coating on
2024 Al alloy in an alkaline Na,SiO; + Na,P,0 electrolyte [153].

The authors investigated also the influence of interfacial shear strength as an indication
of the bond strength between a PEO layer and its aluminium substrate for PEO coated
AA2024-T3 Al alloy towards understanding the coating’s failure mechanism to optimize
the coating/substrate performance for exploiting fully the capacity of PEO coatings in
structural applications. To evaluate the interfacial shear strength in PEO coated AA2024-
T3 alloy, they developed a non-direct optical technique using synchronous digital image
correlation and digital microscopy which had the benefit of using real time measurements
without the requirement for electron microscopy, a single specimen could be used to
provide stress strain and interfacial shear data [154].

Zinc—aluminum (ZA) alloys which feature clean, low-temperature, energy saving
melting and low production cost are considered alternative materials for aluminum alloy,
iron, and brass in areas like pressure tight housings, electronic instrument chassis etc.
Towards achieving high-efficient and high-quality surface protective coating on ZA alloys,
Wang et al. selected ZA-27 alloy (containing mainly Zn, Al and Cu, a minor constituent)
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which has the highest strength and the lowest density, as well as excellent bearing and wear
resistance properties, for investigating PEO. They carried out PEO of a ZA27 alloy anode
in solutions of Na,SiO3, NaAlO, or a mixture of NaAlO, and NaBO, made alkaline to pH
13.2 with KOH, in a stainless steel cell as the cathode with a unipolar pulsed DC in a
constant current mode at a current density of 0.1 A/cm?* at 1000 Hz. The method was found
successful to produce continuous and dense ceramic coatings on ZA27 alloy. The coatings
grown from each of the three electrolytes contained mainly ZnAl,O,4, Al,O5, and CuAlO,
phases. Further the coating when produced in silicate solutions contained ZnSiO,4. During
the process of coating, Al was apparently oxidized prior to Zn and more Al diffused to the
outer interface to react with the electrolyte to form the ceramic coatings. The addition of
borate was found beneficial to produce a denser coating probably by accelerating the
growth rate of the coating. Moreover, coatings grown in silicate or aluminate/borate
electrolyte had a structure with porous outer layer, dense layer, and inner barrier layer,
whereas the coating produced in aluminate electrolyte showed a dense monolayer structure
only. The coating produced in an aluminate/borate composite electrolyte exhibited the best
wear performance, the lowest friction coefficient, and the highest wear resistance among
the three coatings under both low and high normal loads [155].

Stojadinovic et al. investigated PEO of aluminum in 12-tungstosilicic acid solution at
25 mA/cm? to develop an innovative procedure for fabrication of silicate tungsten bronzes
on aluminium. Their results on detailed surface structure of PEO coatings showed that the
outer layer of the oxide coatings (mainly composed of y-Al,O3; and WO3) was silicate
tungsten bronze [156]. The authors investigated also DC PEO of 99.9% Al sheet anode in
aqueous boric acid and borax solutions to which ZnO nanoparticles (in the form of
commercial ZnO powder of mean size 28 nm) was added at the concentration of 2 gm/l
ZnO at a current density of 150 mA/cm®. The resulting mixed Al,05/ZnO coatings formed
on Al were explored for their potential application using photoluminescence and photo-
bleaching of Methyl Orange as a tool. Photoluminescence measurements showed well-
pronounced bands native to Al,O; and ZnO oxides in the formed coatings identified
oxygen vacancies as centers of luminescence. Results on photocatalytic decompositionon
of Methyl orange under simulated sunlight showed that longer PEO processing times were
beneficial for enhanced photocatalytic activity [157].

PEO of Magesium and Its Alloys

Arrabal et al. studied AC PEO of magnesium/aluminium, magnesium/zinc and magnesium/
rare earth metal alloys in silicate phosphate electrolytes at 650 mA/cm? (rms) at 50 Hz
with a square waveform and found coatings consisting of MgO and Mg,SiO,4. The cor-
rosion rate of the alloys in NaCl solutions was found reduced by 2—4 orders of magnitude
by the treatment [4, 158]. To optimize the conditions for PEO, Hussein et al. investigated
the mechanism of the growth of PEO coating on AJ62 Mg-alloy discs in alkaline aluminate
solutions using optical emission spectroscopy (OES). They concluded that for the growth
of coating, three simultaneous processes viz. electrochemical reactions, plasma chemical
reactions and thermal diffusion should occur. Further, O, diffusion into the Mg-alloy
substrate played a leading role in the growth of coating [159].

Following Arrabal et al.’s [4, 158] work on AC-PEO coatings on Mg alloys, Yerokhin
et al. undertook a thorough study of current regimes for development of protective PEO
coatings on Mg—Mn alloys, an important group of medium-strength wrought Mg with good
weldability widely used in the form of sheets, plates and forgings at temperatures up to
200 °C. Moreover, the Mg—Mn system shows great promises for development of rare-earth

@ Springer



918 Plasma Chem Plasma Process (2017) 37:897-945

modified Mg alloys with superior creep resistance. The authors carried out deposition of
PEO coatings on a rectangular coupon of wrought MA8 magnesium alloy (containing Mg,
Mn as a minor constituent) in a Na,SiO; solution containing NaF additive under both
unipolar (at 200 V and 300 Hz) and bipolar (phase A: at 30 — 300 V; phase B:
at = —30 V, frequency 300 Hz) current modes. They found the current efficiency of both
processes though similar, the protective surface coatings produced in the bipolar mode had
higher microhardness (4.8 GPa) and better corrosion resistance (3.3 x 10° Q cm2). It was
shown that the application of the bipolar PEO mode would enable one to synthesize on the
alloy’s surface a high-temperature phase of magnesium silicate, forsterite (Mg,SiOy)
having good anticorrosion and mechanical properties [160].

Hong et al. showed that cerium conversion coating (CeC) coatings on initially formed
PEO coating of Mg,SiO4 on AZ31 Mg alloy caused sealing of its pores and defects by
cerium oxides (likely to be amorphous Ce,O5 along with CeO,) and that the composite
coating/substrate interface acted as a good barrier to aggressive electrolytes [161].

While investigating the feasibility of Mg alloys having excellent mechanical properties
close to natural bone for their use as light weight metallic bio-implants, Liu et al. in an
attempt to improve/enhance their anti-corrosion property/corrosion resistance and bio-
compatibility/cellular/osteoblast response by fabricating ZrO, ceramic coatings onto the
substrate alloy, explored PE at a WE43 Mg alloy disc cathode in a solution of Zr(NO3),
and ethanol with a graphite anode applying a 400 V pulsed DC of 100 Hz frequency. They
found that ZrO, coatings on native Mg alloy strongly protected the alloy from corrosion
when immersed in simulated body fluid (SBF). The authors’ results on cytocompatibility
including osteoblasts adhesion and viability indicated that cathodic CGDE induced ZrO,
coatings on Mg alloys were beneficial for cell proliferation and differentiation. The method
has significant potentiality for surface modification of Mg-based implants to improve
anticorrosion and bone osseointegration [162].

Yerokhin et al. studied anodic PE for PEO of a commercially pure Mg disc in an
aqueous solution containing Ca(OH), and NazPO, with a stainless steel coil cathode
by applying a 100-5000 Hz pulsed unipolar current at an average current density of
30 mA/cm? and found that porous coatings mainly composed of MgO with minor amounts
of Na,Ca(PO3)¢ formed on the Mg metal substrate. The authors showed that these PEO
coatings enhanced the corrosion resistance of Mg in simulated body fluid (SBF) by a factor
>10 with the best corrosion protection provided by the coating obtained at the pulse
frequency of 3000 Hz which has allowed simultaneous increases in coating thickness,
porosity refinement and internal stress relaxation without significant cracking [163].

In an attempt to improve wear and corrosion resistances of PEO coatings of AZ31 Mg
alloy, Cheng et al. studied the effect of the incorporation of SiC nanoparticles into the PEO
coatings by carrying out PEO on a AZ31 Mg alloy plate in aqueous solutions of Na,SiO3
and (NaPOj)g containing 2 gm/l SiC nanoparticles (~50 nm) under pulsed bipolar con-
stant current regimes, using a frequency of 1000 Hz. A higher average positive and neg-
ative current densities of ~0.22 and 0.09 A/cm? and a lower average positive and negative
current densities of ~0.13 and 0.03 A/cm?® respectively were employed to develop coat-
ings in this work. The SiC nanoparticles were found incorporated into the coatings com-
posed mainly of amorphous materials, possibly silica and phosphorous containing species,
and crystalline phases of Mg,SiO4 and MgO, and the incorporated particles distributed
relatively uniformly along the coating depth. The incorporation of SiC nanoparticles
resulted in an excellent wear performance of the coatings. Further, corrosion resistances of
these coatings were greatly improved [164].
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PEO of Titanium and Its Alloys

Titanium alloys, due to their combination of low density, high specific strength and
excellent biocompatibility, are widely used in aerospace, automotive, chemical and
biomedical industries (e.g. for the replacement of hard human tissues). However, owing to
their poor tribological behavior and vulnerability to galvanic corrosion or corrosion
embrittlement causing the release of poisonous metal ions, PEO of alloys of titanium (and
also of zirconium) emerged as a potential technique for protecting and functionalizing their
surfaces. It was found that the properties of PEO coatings depended mainly on the elec-
trolyte composition and the electrical regime such as DC, AC or pulsed DC employed to
grow them. Matthews et al. investigated processing and property aspects of the films
produced by AC PEO of a Ti-6AI-4V alloy disc in aqueous solutions containing aluminate,
phosphate, silicate, and sulphate anions and some of their combinations in a stainless steel
bath which served as the counter electrode at an anodic power densities at 4.3, 6.2 and
10.5 kVA/dm?. The authors found that the films formed from aluminate-phosphate elec-
trolytes were dense and uniform, composed mainly of Al,TiOs and rutile TiO, phases.
These films had the beneficial combination of 50-60 pum thickness, 575 kg/mm2 Knoop
microhardness and high adhesion along with a low wear rate (3.4 x 10~® mm®/Nm) and
relatively high friction coefficient (n) 0.6-0.7 against steel. Further, the films produced
from a phosphate electrolyte exhibited a minimum friction coefficient (i) 0.18 during the
testing of thin 2.5-7 pum relatively soft rutile-anatase films. Both of these types of films
showed good corrosion resistance in NaCl and physiological solutions, where the corrosion
current was approximately 1.5 orders of magnitude lower than that of the uncoated sub-
strate. 60-90 um thick SiO,/TiO,-based films with high bulk porosity produced from
silicate and silicate-aluminate electrolytes demonstrated better corrosion behavior in
H,SO, solutions, due to the greater chemical stability of the film phase components in this
environment [165].

Cheng et al. demonstrated how constant voltage PEO treatment of a 2 cm?® Ti-6A1-4V
alloy plate in aqueous solutions of Na,SiO; and (NaPOj)s with a stainless steel plate
counter electrode with a pulsed bipolar waveform of 600 V positive voltage and —70 V
negative voltage, at a frequency of 1000 Hz, led to rapid formation of thick, adherent
coatings on the surface of the alloy. They found that the coatings were composed of rutile,
anatase and amorphous material, and contained relatively large amounts of silicon and
phosphorus species. The rutile content increased with extended times of treatment. They
used real-time imaging of titanium probably for the first time under pulsed DC or AC
regimes to reveal the spatial distribution, size, population density and lifetime of the
microdischarges. It was observed that a greater corrosion resistance for coatings was
formed with relatively short times of treatment. However, tribological tests showed that
coatings formed with long times of treatment had better wear resistance, possibly due to
changes in the composition and morphology of the coating during PEO [166].

Shin et al. investigated AC PEO of pure titanium in potassium triphosphate and
pyrophosphate solutions. They found that as compared to the oxide film formed in
triphosphate solutions the one formed in pyrophosphate solutions had higher surface
roughness and more abundant anatase phase. They further demonstrated that the oxide film
formed in pyrophosphate solutions exhibited easier growth of denser biomimetic apatite in
a simulated body fluid (SBF) [167]. They showed also that PE of KOH solutions without
any potassium phosphate but containing hydroxyapatite particles led to pure hydroxyap-
atite layers with superior bioactive performance on Ti anode [168]. Moreover, the authors
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studied the effect of current densities in 100-250 mA/cm? range on surface characteristics
and the biological response of the titanium oxide layers formed during AC PEO of a
commercially pure Ti plate in alkaline phosphate solutions. They found that with
decreasing current densities, whereas the pore size decreased, the mean surface roughness
as well as the amount of anatase phase increased, a trend favoring the formation of
biomimetic apatite and the proliferation of osteoblast cells. The results of tests in SBF
showed that the formation of biomimetic apatite and the proliferation of osteoblasts on the
titanium oxide layers produced at 100 mA/cm? when uniformly distributed ~ 2 pum crater
like pores most suitable for cell anchoring form, was the maximum among the samples
evaluated [169]. Keeping in view the broad-spectrum anti-microbial activity of Ag with
low human toxicity, the authors probed what effect Ag nanoparticles (in the form of Ag
metal powder with a mean size of 50 nm) in 0-0.5 gm/I concentration range if added to an
alkaline pyrophosphate electrolyte, would have on the surface structure and in vitro bio-
logical properties of the titanium oxide layer prepared by AC PEO of a pure Ti plate at
100 mA/cm? current density at a frequency of 60 Hz using a stainless steel counter
electrode. They observed successful incorporation of Ag nanoparticles into the oxide layers
and topographical deformation of the porous surface when Ag nanoparticle concentration
exceeded 0.1 gm/l. Based on the evaluation of bone forming-ability in SBF, as well as
MC3T3-E1 cell proliferation test and anti-bacterial test against E. Coli bacteria of the
oxide layer samples produced, it was found that the one from the electrolyte with 0.1 gm/1
Ag nanoparticles exhibited both superior bioactivity and anti-bacterial activity leading to
gain beneficial biological performances of titanium implants [170].

Rudnev et al. studied formation of oxide-phosphate coatings on titanium during PEO of
titanium alloy VT1-0 in electrolytes containing polyphosphate complexes of Ca (II) and Sr
(I) at 5 A/dm? in unipolar mode using a stainless steel bath as the counter electrode. They
inferred that the coatings containing calcium phosphate with small inclusions of strontium
phosphate were promising for the application to titanium implants [171].

Chung et al. synthesized specific surface coatings of anatase-TiO,, rutile-TiO,,
hydroxyapatite, strontium-containing hydroxyl apatite and dual-phase hydroxyapatite-TiO,
on Grade II pure Ti (CP Ti) implants by PEO in NaH,PO, plus Ca (CH3;COO), electrolyte
in various concentrations with or without Sr (CH3COO), by adjusting Ca/P ratio, pH
(4.81-12.00) and discharge voltage (430-480 V) for studying their relative osseointegra-
tion performance. They found that the dual-phase hydroxyapatite-TiO, coating formed at
480 V and pH 4.94 outperformed all the other coatings in effectively promoting
osseointegration [172].

Clyne et al. utilized PEO of grade 2 commercially pure titanium in sodium phosphate
solutions at 6000 A/m? to produce coatings of highly porous surface with relatively high
(>90% by volume) anatase content and examined their photocatalytic efficiency for
degradation of Methylene Blue dye under UV irradiation. They found an enhancement by a
factor of as large as 10 for photocatalytic rate constant could be obtained through PEO
treatment of a bare Ti substrate (thin native oxide layer) and correlated enhanced pho-
toactivity of PEO coatings to their relatively high anatase content and high levels of
surface-connected porosity as well [173].

Ito et al. employed PEO of a Ti plate using an electrolyte mixture of H,O,, H3PO,4 and
H,SO, containing 30 nm anatase TiO, and 300 nm of Fe,O; particles and a Ti sheet
cathode as a one pot low temperature synthesis of micrometer thick Fe> doped anatase/
anatase/rutile/TiO, film on Ti metal using a current density of 3 A/dm®. This Fe-doped
TiO, film as compared to a pure TiO, film exhibited enhanced photocatalytic activity
under UV illumination for acetaldehyde decomposition [174].
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To avoid the toxic effects of V in Ti based bio-implants e.g. Ti-6Al-4V, the use of
vanadium free biomaterials was stressed. In an attempt to enhance the potential of a
vanadium free Ti alloy, gamma titanium aluminide intermetallic alloy, (y TiAl: Ti-48Al-
2Cr-2Nb at.%) originally developed for aircraft engine applications was explored recently
for biomedical applications. Sundaram et al. modified successfully its surface character-
istics carrying DC PEO of anode rods of vanadium free Ti alloy (y TiAl: Ti-48 Al-2Cr-2Nb)
in a calcium and phosphorous rich aqueous solution containing high purity Na,-EDTA,
Ca(CH;CO0), and Ca(H,PO,), using a stainless steel beaker cell as the cathode at current
density over 133—171 mA/cm”. The results observed showed the formation of a submicron
scale porous structure and a concomitant increase in the surface roughness. The resulting
oxide formed on the surface of y TiAl was found mainly composed of rutile and anatase
phases. It was demonstrated that the technique had the feasibility of incorporating Ca and P
into the oxide matrix in a gradient pattern with the purpose of increasing osseointegration.
Nanoindentation data confirmed the formation of a fairly compact oxide layer on y TiAl
alloy during the process. The authors made a parallel study on a vanadium containing Ti
alloy, Ti-6Al-4V and a comparison of the findings with those for y TiAl showed that the
oxide layer formed on the latter alloy was less porous, less rough and more stable. The
oxide layers for both the alloys were, however, composed of Ti and O. The lack of Al and
other elements in the oxide for both y TiAl and Ti6Al4V would be very beneficial and
would represent a minimal risk biomaterial in causing neurological disorders associated
with the presence of aluminum [175].

A duplex o 4+ B phase Ti-based alloy, Ti-6A1-4V which has significantly higher elastic
modulus (100-110 GPa) than cortical bone (10-40 GPa), can cause stress shielding and is
commonly used as an non-cement hip replacement. A number of reports about aluminum
and vanadium ions as toxic, soluble in blood and causing long-term health problems led to
studies on novel titanium alloys composed of non-allergic elements such as Ti—13Nb-—
13Zr. This B-phase titanium alloy exhibits mechanical properties close to the natural bone
and is considered as one of the future, promising materials for bone implants. To enhance
the bioactivity of the Ti—13Nb—13Zr alloy (TNZ), Simka et al. investigated modification of
its surface by carrying out plasma electrolytic oxidation of a TNZ sample as the anode in a
bath composed of calcium hypophosphite and osteoinductive additives like tricalcium
phosphate, wollastonite (CaSiOj3) or silica powder with a titanium mesh cathode, at 350,
400 and 450 V DC. The authors observed the growth of porous oxide layers on TNZ
surface in each of the solutions employed containing tricalciumphosphate, wollastonite or
silica. PEO of TNZ in calcium hypophosphite solution with wollastonite at 450 V gave the
highest atomic ratio of bioactive compounds, Ca/P. The roughness of the alloy surface
increased after the surface treatment. The surface modification improved the alloy’s cor-
rosion resistance in Ringer’s solution and would improve the long-term outcomes for
implants in biological environments [176].

Yerokhin et al. investigated very recently the size effect of hydroxylapatite,
Ca;o(PO4)6(OH), mineral particles in electrolyte suspension on the characteristics and
biological properties of thin titania —based coatings on Ti-6Al-4V alloy discs produced by
PEO in Na,HPO, solution. The PEO treatment was performed using the two-step control
method, wherein a potentiostatic anodic polarisation, 250 V was applied to the surface for
15-30 s to allow surface passivation to occur, then galvanostatic control at a mean average
anodic current density of 300 mA/cm?® was employed using pulsed unipolar or pulsed
bipolar mode. The hydroxylapatite particles used were in form of micro- or nano-powder.
The micro-particles deposited on the surface altered the porous morphology of the TiO,
matrix, reducing the pore size and surface roughness, which led to a highly irregular
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morphology formed by interpenetrating networks of the voids and the coating material.
The nanoparticles migrated more readily towards the surface and penetrated into the
coating, partly filling the pores but not altering significantly the porous matrix morphology.
Regardless of the particle size, hydroxylapatite increased the coatings’ scratch resistance,
however, all coatings suffered cohesive failure in scratch tests, but no adhesive failure
could be observed. The biological assessment of hydroxyapatite doped coatings included
in vitro evaluation of the coating bioactivity in simulated body fluid (SBF) as well as
studies of spreading, proliferation and osteoblastic differentiation of MC3T3-El1 cells. Both
the hydroxylapatite micro- and nano-particles doped PEO coatings’ surfaces revealed
enhanced bioactivity in vitro and induced formation of apatite precipitates during exposure
in SBF. Furthermore, the cell proliferation/morphometric tests on all the coatings showed
their good biocompatibility. Fluorescence microscopy revealed a well-organized actin
cytoskeleton and focal adhesions in MC3T3-E1l osteoblastic cells cultivated on these
substrates. The cell alkaline phosphatase activity in the presence of ascorbic acid and -
glycerophosphate was significantly higher on hydrooxylapatite nanoparticle-doped TiO,
coating as compared to both the microparticle-doped TiO, and undoped TiO,. This could
be to be due to the combination of more abundant presence of hydrooxylapatite
nanoparticles on the surface, as evidenced by corresponding FTIR spectrum rich of specific
phosphate bands, and characteristic porous morphology, which provided a synergic effect
on the osteoblastic differentiation [177].

PEO of Zirconium and Its Alloys

Rameshbabu et al. explored PEO as a potential surface treatment for fabricating oxide
films on Zr with a good combination of corrosion resistance, bioactivity and cell adhesion
for improving their biocompatibility and functionality towards the use of these films on Zr
as implant materials in orthopedic and dental restoration fields. The authors carried out
pulsed DC PEO of a Zr coupon work piece in methodically varied concentrations of
Na3zPQOy4, Na,SiO; and KOH based electrolytes at 150 mA/cm? current density and 50 Hz
frequency. The oxide films thus fabricated on Zr were uniform with 6-11 pm thickness and
predominantly in monoclinic zirconia phase. They found further the PEO film formed in
the phosphate (5 gm/l) + silicate (5 gm/l) + KOH (3 gm/l) mixed electrolyte among the
different electrolyte systems employed, the optimum one with higher surface energy and
roughness, good wettability and bioactivity, resistance toward pitting corrosion and
superior osteoblast cell attachment and spreading [178].

Zirconium alloys owing to their low neutron absorption cross-section, satisfactory
mechanical properties and excellent corrosion resistance, are one of the best structural
materials for water-cooled nuclear power reactors. However, during the operation of
nuclear reactors, the severe environmental conditions make the alloys vulnerable to
nodular corrosion and erosion in flowing conditions, waterside corrosion and hydrogen
uptake. To improve upon the surface properties of Zr alloys and to restrict hydrogen
ingress, Cheng et al. investigated PEO of a 1 cm? Zircaloy-2 alloy (Fe: 0.19, C: 0.02, Sn:
1.31, Hf: <0.01, Cr: 0.089, Ni: <0.002, and Zr: the balance in wt%) foil in an alkaline
Na,SiO; solution with a stainless steel plate as the cathode using a 5 kW pulsed DC source
under pulsed bipolar current regime with the initial positive and negative current densities
set at 0.4 and 0.3 A/cm? respectively at a frequency of 1000 Hz. The authors found that the
formation of the solidification structures in the PEO coatings formed on the surface of
Zircaloy-2 alloy was related to the long lasting discharges during the PEO process and the
very low thermal conductivity of zirconium oxide. PEO coatings were found to be zirconia
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phases consisting of monoclinic-ZrO, and tetragonal-ZrO,, with the monoclinic-ZrO,
dominating the coatings in dilute solutions of silicate electrolyte. With increased silicate
concentration in the solution, the tetragonal-ZrO, content in the coating increased. Besides
the content of silicate in the electrolyte, thermal effects in the coating would affect phase
compositions of the coatings. During plasma discharges at the coating surface, its upper
layer as compared to the lower one had a higher temperature, resulting in an increased
tetragonal-ZrO, presence in the upper coating layer. Thick coatings appeared to have a
higher level of tetragonal-ZrO, because more heat was retained due to its low thermal
conductivity. Further, the PEO processing improved remarkably the corrosion resistance of
the substrate, Zircaloy-2 in 0.5 M NaCl solution. Among these PEO coatings, the long
duration (~30 min) treatment specimen though had an increased thickness, owing to
increased porosity its corrosion resistance was lower than that provided by the moderate
duration (~ 10 min) treatment specimen [179].

Cheng et al. extended their studies on PEO of another Zr alloy, Zircaloy-4 (composition:
1.50 Sn, 0.20 Fe, 0.10 Cr, Ni <0.007, Zr balance in wt%) of 1 cm? working area under 50
and 100 Hz AC current regimes (Hz) using a square waveform (positive to negative current
density ratio = 3:1), in alkaline Na,SiO; solution at a current density of 300 mA/cm”
(rms). They observed that coatings developed an outer compact region and an inner more
porous region, with a thin barrier region next to the substrate. For treatment times >1 min,
the surfaces of the coatings revealed pancake-like zirconia-rich features and surrounding
silica-rich material. The coatings formed with a relatively long treatment time (~ 60 min
with a thickness of 50-100 um) were more porous. Further, results of corrosion studies in
6 M HNOj; solution at 100 °C, an environment relevant to reprocessing of nuclear fuel,
demonstrated the efficacy of PEO treatment in improving remarkably the corrosion
resistance of the alloy, and indicated that corrosion protection was mainly provided by the
thin barrier layer (~0.2 to 0.5 um) next to the substrate [180]. For a better understanding
of the underlying mechanisms of plasma generation and coating formation the authors
made also a comparative investigation on growth kinetics, formation efficiencies and
microstructures of the PEO coatings on the plates of two alloys, Ti-6Al-4V and Zircaloy-2
formed by applying a pulsed bipolar, constant current regime with average positive and
negative current densities of 0.20 and 0.15 A/cm? respectively at a frequency of 1000 Hz
in an aqueous Na,SiO3;—(NaPOj3)e solution. Their results suggested that the high electronic
resistance of the ZrO, coating on Zircaloy-2 promoted the formation of pancake structures
which formed in type B (metal-oxide interface) discharges as per the model by Hussein
et al. when discharge channels led to the substrate and afforded the main current. Whereas,
the semiconducting nature of the TiO, coating on Ti-6Al-4V alloy promoted O, evolution,
reduced the coating growth efficiency and led to “coral reef” coating features attributed to
type A (oxide-electrolyte interface discharges at the upper coating or gas attached to the
coating surface) or type C (discharges within micropores below the surface) discharges of
the model by Hussein et al. The authors reported anomalous gas evolution in quantities far
exceeding the estimated faradaic yield of oxygen under the charge passed, though observed
on both the alloys after the appearance of strong plasma discharges, was more abundant
with Zircaloy-2. However, more current was consumed by O, evolution during PEO of the
Ti-6Al-4V alloy in comparison with Zircaloy-2 [181].
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Plasma Electrolytic Coating of Metal Surfaces: Plasma Electrolytic
Saturation (PES)

Cathodic PE can be utilized as a plasma electrolytic saturation (PES) technique: plasma
electrolytic nitriding (PEN), carburizing (PEC), boriding (PEB) or their hybrids where the
elements C, N, B undergo interstitial diffusion into the surface of the cathode metal, the
work piece specimen for achieving surface coats of high hardness, reduced friction
coefficient, improved fatigue strength and excellent wear and corrosion resistances. PES
coatings find potential uses in textile machine, cutting and processing tool components.

Employing cathodic PE at less than 415 V a current densities 0.5-1.0 A/cm?, Mathews
et al. could obtain a 10-20 pum thick surface compound layer on steel substrates in NaNO,,
or glycerol in Na,COs; solutions with very good mechanical and corrosion resistant
properties in only 3-5 min by the use of plasma electrolytic nitriding (PEN)/plasma
electrolytic carburising (PEC) saturation techniques. They also found that plasma elec-
trolytic boriding (PEB) of a medium C steel work piece in a NaOH solution containing
Na,B407 led to a 100 to 150 pum thick coating of B,C with 4-5 GPa [2].

Xue et al. employed 150 Hz 340 V pulsed DC cathodic PE as a plasma electrolytic
carburising (PEC) technique at a pure Al plate in an aqueous solution containing 80%
glycerol and a little KCl in a stainless steel container as the anode, and obtained in 5 min a
2 pum thick carburized layer on Al. The electron temperature (7,/.cs0n) Of the cathodic
plasma was found fluctuating around 7000 K. Under the plasma discharge condition over
the Al cathode, glycerol molecules underwent extensive decomposition and fragmentation
into active carbon radicals and ionic components which under the strong electric field near
the cathode was accelerated towards Al cathode generating an enhanced interstitial dif-
fusion into the crystal lattice of Al. As a result, the carbon containing solid solution and
Al4C; precipitation phase were formed subsequently followed by the growth of a compact
carburized layer containing 38.5% carbon. PEC treatment was found to improve the cor-
rosion resistance of pure Al, increased its hardness by nearly two and reduced its frictional
coefficient by ~40%. PEC treatment, thus, has the potential of fabricating carburized layer
with good wear and corrosion resistances on low melting point metals [182].

Tavakoli et al. applied ~200 V DC CGDE at a St 14 steel cathode work piece sur-
rounded by a sixty times larger stainless steel 316 cylinder as the anode within a cell
containing a 25% aqueous borax solution and obtained a boride layer of Fe,B phase on the
steel surface with considerably improved hardness and corrosion resistance [183].

Mathews et al. investigated the feasibility of cathodic PE as a DC plasma electrolytic
nitrocarburising (PEN/C) technique for AISI 316 stainless steel using an aqueous solution
of urea at 250 V. The corrosion behavior of the layer formed was found closely related to
their microstructure and composition, and could be significantly improved, particularly if a
thin but dense magnetite-based iron-chromium oxide layer be produced at the surface
[3, 4, 184].

Bao et al. made a systematic investigation on the growth of PEN/C layer on a Q235
steel sample in aqueous urea using a pulsed DC (150-250 V at 0.8 A/cm?), and showed
that the PEN/C sample had a thiOck diffusion layer consisting mainly of Fe,N, Fe;C, and
FesC, phases. The technique was found to improve greatly wear resistance of the low
carbon steels and proved to be efficient, energy effective and environment friendly [185].

Xue et al. could grow a carbonitrided (PEC/N) layer on pure aluminium for the first time
by applying 150 Hz 260 V pulsed DC PE plasma discharge on a pure Al plate cathode in a
solution of glycerol and urea contained in a stain steel vessel as the anode. The electron
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concentration (n,) and electron temperature (7,;.¢;-0,) Of the cathodic plasma were calcu-
lated as 6 x 10*! m™ and 4000 K respectively. The carbonitrided layer was found to
contain Al4C;z, AIN, Al;C3N3 phases. PEC/N coating on pure Al improved greatly its
corrosion resistance. This was found related to the formation of nitride phases. This study
has opened the application of EPT on surface modification to low melting point metals
[186].

Ivanov et al. developed cathodic PE at 150-160 V for improving hardness and wear
resistance of cutting tools from high speed steel R6MS5 by a plasma borosulfocarboni-
triding. They employed aqueous solutions of sodium thiosulfate, carbamide, and ammo-
nium sulfate for complex saturation of the surface and added additionally carbide and
borax powders as suspensions to the electrolyte bath, and the steel tool as the cathode.
They observed formation of a composite borosulfocarbonitride layer on the cutting tool
cathode. The endurance of the tools after such a treatment was found 1.5-2 times higher
than after simple plasma carbonitriding, nitriding, cyaniding or sulphidizing [3, 4, 187].
Very recently, Belkin et al. made a comprehensive review examining the progress made in
plasma electrolytic carburising, nitriding, and nitrocarburising of steels of various com-
position, including treatment modes, electrolyte compositions, structures, and properties of
hardened materials. Analysis of the results obtained up to date indicates that pulse plasma
electrolytic saturation treatments leading formation of surface nano-structures appear to be
the most promising to advance further this type of electrolytic plasma technology [188].

Plasma Electrolytic Coating by Metals and Alloys

In an attempt to explore PE as a tool for depositing a metal or an alloy on the clean metal
cathode surface, Nie et al. could develop coatings of Zn and Zn + Al on PE cleaned
surface of AISI 1010 low carbon steel cathodes by PE in ZnSO, and ZnSO4 + Al (SO4)3
solutions respectively at 180-220 V and 0.3-1.2 A/cm?. The treatment led to a large
improvement in the adhesion strength (>70 MPa) [3, 4, 151]. Zhang et al. successfully
employed PE to deposit Ni-P coatings on a carbon steel cathode for achieving significant
improvement in both wear and corrosion resistance of the steel [189].

Towards exploring a fast treatment for improving the corrosion resistance of low carbon
steels, Meletis et al. applied PE to carry out very short depositions of Ni coating on a low
carbon steel (AISI 1018) cathode in 20% NiSQy solution at 75 °C with pH 3.8 at 200 V
and 2.6 A/cm”. The authors observed a positive shift in the corrosion potential by 200 mV
and more than an order of magnitude reduction in the corrosion rate for a deposition time
of 30 s only. The electrochemical impedance spectroscopy studies revealed that a similar
corrosion mechanism prevailed between pure Ni and PE-coated Ni. The results showed
that PE deposition could be used to form a dense, nano-grained surface coating of Ni and
an effectively full coverage at a very short deposition time [190].

Nano-structured Coating by Plasma Electrolytic Process

In an attempt to explore PE towards developing nano-structured films on metal surfaces, Bell
et al. observed the growth of a very adherent nano-crystalline titanium dioxide film on a Cu
rod cathode during cathodic PE of a solution containing titanium tetraisopropoxide, absolute
ethanol and hydrochloric acid at 650-1200 V and 30 mA/cm”. They demonstrated that
through the adjustment of the composition of solutions by a post-processing calcination,
these films could be made very promising for some useful industrial benefits. They were also
successful in developing a method for the growth of titanium dioxide coatings composed of
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nano-rods and nano-particles on a Cu cathode in the above bath. By controlling the applied
voltage (at 400-700 V), the treatment time and initial titanium concentrations they could
produce a large range of different crystallinities and morphologies promising in applications
such as nanoelctronics, photonics, dye sensitized solar cells, gas sensors and photocatalysts
for solar cell technologies [4, 191, 192]. In an extension of the study they deposited nano-
crystalline graphite films on a 3 mm dia. titanium rod as the cathode from an ethanolic
solution of a neutral phosphate buffer at 900-1200 V using a much larger cylindrical gra-
phite counter electrode (40 mm inner dia.) and studied thoroughly the deposition mecha-
nism. These coatings were found very attractive for production of inexpensive cold and high
field emission cathodes in solid state electronic devices [4, 193]. They tried to correlate the
structure and composition of different films of TiO, and of graphite with the composition and
physical characteristics of the glow discharge plasma [4, 194].

Cai et al. made use of AC PEO technique to nucleate a seed layer of TiO, film on a pure
Ti sheet anode with porous structure, remarkable thickness and well adhesion to the
substrate in Na;PO, solution at the positive voltage, negative voltage, and frequency of
400, —50 V and 700 Hz respectively with a stainless steel plate cathode. The authors
utilized the PEO prepared seed layer of TiO, film for the synthesis of TiO, nanotube films
with well adhesion and large-area through a hydrothermal method on it. Calcination
resulted in crystallization of the nanotubes from amorphous state to single-crystalline
anatase phase. Furthermore, the increase of calcination temperature was found beneficial to
the improvement of crystallization degree. However, when the calcination temperature
increased to 700 °C, the nanotubes collapsed completely to form short nanorods. The TiO,
nanotube film calcined at 600 °C exhibited the narrowest band gap energy, the strongest
UV light absorption, the weakest band-band PL intensity and the best photocatalytic
activity due to the combined effects of appropriate crystallinity and surface states. The
method thus introduced is a potential one for synthesizing TiO, nanotubes for the abate-
ment of environmental pollution [195].

Diamond Like Carbon (DLC) Coating by Plasma Electrolytic Process

Plasma electrolysis (PE) was exploited also for depositing diamond like carbon (DLC) on
metal cathodes. Kong et al. applied cathodic PE at 130 V and 1-2 A in the name micro-arc
discharges for deposition of uniform 200 nm thick DLC and silicon doped DLC films on
pure nickel plate cathodes from aqueous ethanolic solutions of NaCl and NaCl containing
Na,SiO; respectively. They found that such DLC films improved markedly the corrosion
resistance of the Ni substrate [196]. Chen et al. extended the technique by using 1-propanol
solutions at 700900 V to obtain sub-micron diamonds [197].

Ban et al. showed that DLC films deposited by PE in 50% methanol solutions and KNO;
aqueous solution on a AZ31 Mg alloy plate cathode at 130 V with a Pt plate as the counter
electrode improved markedly the corrosion resistance of the alloy [198]. Xue et al.
demonstrated the formation of a composite film of DLC with iron oxides (mainly FeO) on
a T8 high-carbon steel cathode by PE of aqueous glycerol solutions at 400 V. It was found
that carbon particles in the film were uniformly embedded into the oxides and the sp> C
content of DLC was nearly 35%. The technique provides an approach to fabricate highly
wear resistant DLC composite films on steel materials [199].

Xue et al. produced a DLC-containing carburized layer containing martensite, retained
austenite and Fe;C phases on T8 high carbon steel plate cathode by DC-pulse PE of an
aqueous 80% glycerol solution at 380 V and 150 Hz. The technique reduced significantly
the activation energy of carbon diffusion and increased the diffusion coefficient of carbon.
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The sp® C content for DLC-components was found up to 67%. The treatment improved
both the wear resistance and the corrosion resistance of the steel [200].

These PE coating techniques would be potential precursor treatments in combination
with other coating techniques to develop hybrid or duplex processes, which may extend the
capabilities of both PE and other coating techniques.

Plasma Electrolytic Texturing and Alloying of Metal Surfaces

EPT has proved an effective tool to texture metal surfaces by creating unique surface
morphology and microroughness for many applications such as coating adhesion, tribo-
logical performance, etc. Gupta et al. employed cathodic EPT to texture brass coated steel
cord (high carbon steel, 350 pm dia.) used in automobile tyres leading to its improved
adhesion with tyre rubber without any removal of brass coating necessary for protection
against corrosion [3, 201]. Fan et al. investigated PE at a mirror-polished n-type (100)
silicon wafer cathode (650 pm thickness) in NaHCOj; solutions containing glycerol at
400 V and showed that the process led to anisotropic chemical etching which created
highly ordered textured silicon surface to realize light trapping which could significantly
improve solar cell efficiency [202].

Surface Alloying

EPT is found also a potential tool for alloying metal surfaces for improving their
mechanical and tribological performances. Gupta et al. could alloy Mo on AISI 4330 V
steel and Inconel 718 by using cathodic EPT in Na,MoOy solution in which Mo powder
was added at a power density of 139.5 W/cm?®. Mo alloyed steel thus obtained showed up
to a two-fold increase in surface hardness (with variation in concentration of Mo) and a
threefold increase in wear resistance. The increase in hardness was attributed to the
presence of Fejs4Mog 73 phase in the alloyed sample [3, 203].

Recently, Pogrebnyak et al. reviewed the chemical and physical processes involved in
various plating protective coatings and in modifying surfaces on metals by EPT [5].

Nanoparticle Fabrication

During cathodic CGDE, the thermal energy released in the plasma discharge may cause
local melting and evaporation at relatively rough and electrothermally unstable surface
spots of the cathode. The molten and evaporated metal clusters sputter down from the
cathode and resolidify by rapid quenching in the catholyte solution to form ultrafine
spheres. Parallel to this process, metal ions derived either from the electrolyte or from the
dissolution of the anode may undergo reduction at the plasma-catholyte interface by e

aq’
H', H,O, to zero-valent metal atoms which progressively agglomerate to ultrafine particles.
Depending upon the electrode material and catholyte pH, aggregates of metal oxides,
hydroxides may also form. The size of such ultrafine spheres ranges over micro-to-
nanometers. The size distribution of the particles depends on the applied voltage, time of
CGDE treatment and the composition of the electrolyte bath. This method for fabrication
of nanoparticles offers certain advantages such as simple equipment, no need of gas supply
in general, easy mass production, applicability to any metal/alloy and ease of controlling
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the size of the product. In fact, CGDE is a new generation green technology for the
synthesis of nanomaterials.

A successful formation of metal nanoparticles by cathodic CGDE was shown by Tor-
iyaba et al. The authors produced controlled formation of relatively monodispersed
nanospheres (‘nanoballs’) of Ni, Ti, Ag and Au of diameters between 100 and 400 nm in a
gas/liquid mixed dual phase system by cathodic CGDE of K,CO; solutions between thin
wires of respective metal cathodes and an anode of a Pt mesh of much larger surface area
in a glass cell at a cell voltage <160 V with a certain size controllability. The trend in their
data of particle size vs cell voltage suggested that particles of sub-100 nm mean diameter
could be produced at voltages exceeding 200 V. The electro and thermal conductivity,
chemical potential, and surface energy of the electrode material played an important role in
determining the particle formation processes and diameter distribution. TEM studies
indicated that the electrode surface was locally heated and induced by electrothermal
instability momentarily exceeded the melting point, and the molten metal yielded to a
spherical shape due to surface tension. The metal immediately cooled down to form fine
spherical particles ‘nanoballs’ without contamination from the electrolyte. This glow
discharge plasma electrolytic method in liquid was achieved extremely easily, quickly and
inexpensively, and had the prospect to meet the demand for nanoballs to meet industrial
needs. Further, it had a number of features that enabled it to control such nanoball prop-
erties and one could obtain complex composition or multilayered balls by utilizing the
salient feature of the gas/liquid dual phase [9, 10, 204].

In further investigations Lal et al. fabricated nanoparticles of Cu, Au, Pt metals and
Pt + Au alloy by cathodic CGDE between a Pt wire cathode and a large Pt ring anode
using CuSO,4 + H,SO,4, NaAuCly + HCIO4, H,PtClg + HCIO, and H,PtClg +
NaAuCly + HCIO, electrolytes respectively using a high concentration of supporting
electrolyte (~1 M) and a low concentration of metal salt (<10 mM) generally at a large
current density (~1 A/mm?® at plasma discharge voltage ~20 V). They introduced a
‘rotating cathode’ (rotations up to 5000 rpm) method for applying Coriolis forces to the
process and controlled successfully the size of the particles. Whereas the range of the
particle size for Pt was 30-200 nm without electrode rotation, it narrowed down to
80-140 nm by 2000 rpm [8, 10].

In this endeavor, Wuthrich et al. carried out cathodic CGDE in H,SO,4 and KOH media
containing ethanol as an OH scavenger and polyvinyl-pyrrolidone (PVP 40) as the
nanoparticle stabilizing agent between a large Ni plate anode and a Ni wire or a Pt wire
cathode. They obtained nanoparticles of NiO (70 nm) in 2 M H,SO, media with a Ni
cathode and of Ni, NiO (<100 nm) and Pt (<10 nm) in the same media with a Pt cathode at
the discharge voltage of 36 V. However, they obtained nanoparticles of B-Ni (OH),, NiO,
Ni (<100 nm) from 5 M KOH media with a Ni cathode but only of Pt (<10 nm) from the
same media with a Pt cathode at 50 V. The results of Wuthrich et al. was a clear testimony
to the simultaneous operation of two mechanisms, melting-quenching of the cathode metal
and reduction of metal ions at the plasma-catholyte interface [205-207]. The authors
probed further the size-dependence of specific capacitance of the NiO nanoparticles syn-
thesized by cathodic CGDE. They carried out CGDE at a Ni wire cathode in 2 M
H,SO4 4+ 0.5 M ethanol + 2.5 mg/ml of PVP 40 with large sheet of Ni anode at three
voltages: 30, 36 and 42 V and obtained nanoparticles of 70, 91 and 107 nm average
diameter respectively which were tested for electrochemical energy storage. It was found
that a maximum specific capacitance of 218 F/g was observed with the 70 nm NiO
nanoparticles at 2.7 A/g. Their corresponding energy and power densities were
98.1 Wh/kg and 0.7 kW/kg, respectively showing the performance characteristics of these
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NiO nanomaterials were clearly that of a supercapacitor. Larger nanoparticles of 91 and
107 nm diameter exhibited specific capacitances of 106 and 63 F/g, respectively, sug-
gesting a size dependent capacitive performance enhanced with decreasing particles size
[208].

The study was extended by Akiyama et al. who applied cathodic CGDE on a 1 mm Cu
wire in K,COj; solution or citrate buffer (pH 4.8) with a counter electrode of 0.5 mm Pt
wire bent into a half-round mesh of 1 m length at ~140 V for synthesizing copper
nanoparticles. They studied the relationship between the experimental conditions and the
formation of copper/copper oxide nanoparticles and found that flower-like CuO <100 nm
dia. nanorods with [010] orientation in the growth direction form in K,CO; electrolyte.
This was ascribed to the formation of [Cu (OH)4]2’ ions and to oriented crystal growth.
However, when the citrate buffer was used as the electrolyte copper nanoparticles were
obtained: spherical particles at 105 V and porous spherical nanoparticles at 130 V. The
technique offers an easy and quick method for production of copper/copper oxide
nanoparticles [209].

The authors attempted synthesis of Ni nanoparticles by applying cathodic CGDE with
full plasma at 173 £ 2 V in NaOH solutions between wires of a Ni cathode and a Pt anode
and could, however, obtain a mixed product of Ni and NiO particles of 890 nm mean
diameter. Towards preventing the oxidation of Ni, they introduced a technique of edge-
shielding the cathode by shielding of the tip of Ni wire with a glass tube which allowed the
growth of CGDE to a partial plasma only on the unshielded part even at 180 V. The
technique led interestingly to the formation of exclusively metallic Ni particles free from
any oxide particle. The edge-shielding of the cathode led also to significant reduction in the
average size of Ni particles from 890 to 220 nm [210].

Towards optimization of the experimental conditions and studying the formation
mechanism of metallic nanoparticle formation by cathodic CGDE, Akiyama et al. extended
their studies to the surface morphology of a Ni wire cathode during nanoparticle fabri-
cation by CGDE in a NaOH solution with a long Pt wire (bent into a semicircular mesh)
counter electrode by examining the influence of electrolysis time, solution temperature,
voltage, electrolyte concentration, and surface area on the size and the amount of
nanoparticles formed. The results demonstrated that the amount of nanoparticles produced
increased proportionally with the electrolysis time and current. At voltages below 140 V,
surfaces with nanoparticles attached, called “Particles” type surfaces, formed on the
cathode. These surfaces changed to display ripples, turning into “Ripple” type surfaces,
and the nanoparticle sizes increased with increasing amount of nanoparticles produced. In
contrast, at voltages over 160 V the surfaces of the electrodes were found “Random” or
“Hole” type and the particle sizes remained constant with different amounts of nanopar-
ticles produced [211]. They demonstrated further that cathodic CGDE was applicable not
only for nanoparticle synthesis of pure metals but also that of various alloys. They
described a facile CGDE synthesis of bimetallic nanoparticles, including solid solution
alloys (Ni—Cu and Ni—Cr system), eutectic alloys of Sn—Pb, and intermetallic alloys (SnSb
and Ni3Sn), at a metallic alloy wire cathode with a semicircular Pt wire mesh as the anode
using 0.1 M NaOH as the electrolyte for Ni based substrates at 160 V or 0.1 M KClI for Sn
based ones at 150 V [212].

With an objective to control the size of nanoparticles and their formation during
cathodic CGDE, Saito et al. estimated the excitation temperature of the plasma from its
emission spectrum, the plasma being generated around 1 mm dia. cathode wires of Ti, Fe,
Ni, Cu, Zn, Zr, Nb, Mo, Pd, Ag, W, Pt, Au metals, and various alloys of stainless steel and
Cu—Ni alloys in NaOH solutions with a Pt wire mesh anode, by applying the Boltzmann
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plot method with the assumption of local thermodynamic equilibrium(LTE). They studied
also the effects of edge shielding, applied voltage, and electrode material on the plasma.
Their results showed that with a Ni wire cathode edge-shielded by a quartz glass tube, a
uniform plasma was formed and Ni nanoparticles were generated. OES of the plasma
showed OH, H,, Hg, Na, O, and Ni lines. Without electrode edge-shielding, oxidized
coarse particles formed due to high enough temperature of the electrode surface radiating
continuous IR emission from the edge. It was observed that the excitation temperature
increased as the voltage at the edge-shielded electrode was increased. The size of the Ni
nanoparticles was found decreased at high excitation temperatures. Although the formation
of nanoparticles via melting and solidification of the electrode surface was generally
considered, vaporization of the electrode surface would occur at a high excitation tem-
perature to produce small particles. Moreover, the results of the effects of different cathode
materials: Ti, Fe, Ni, Zn, Nb, Mo, Ag, Pt, Au, and various alloys of stainless steel and Cu—
Ni alloys on nanoparticle synthesis in 0.1 M NaOH solution at 140 V showed that with the
exception of Ti (Texeirarions 8151 K), the excitation temperatures ranged from 3500 to
5500 K and the particle size depended on both the excitation temperature and electrode-
material [213].

With the aim of synthesizing nanoparticles containing photocatalytically active oxides,
Watanabe et al. applied cathodic CGDE at 1 mm dia JIS SUS316 stainless steel wire in
K,CO3 solution with a large area Pt wire mesh anode at 130 V. They could this way
synthesize uniformly spherical stainless steel ‘nanoballs’ having <200 nm diameter con-
taining photocatalytically active oxide species: Fe,O3 and Cr,O; distributed uniformly
over the surfaces of nanoballs. It appeared that nanosize molten materials ejected during
repeated occurrence of localized melting spots on the cathode surface in CGDE were
solidified into spherical nanoballs because of the surface tension and quenching effect of
the electrolyte. They investigated the efficacy of stainless steel as photocatalytic materials
towards the decomposition of 0.1% Methylene Blue dye solution under UV irradiation
with the wavelength of 354 nm and found the dye concentration reduced to the baseline
level in 72 h. They found further that in the presence of stainless steel nanoballs, the
decomposition of Methylene Blue followed two different pathways: fast and slow
decompositions. The dye was observed to oxidize into sulfoxide first, before being
decomposed into lighter products. This was different compared to its decomposition
pathway occurring in the presence of TiO, and ZnO nanoballs where the dye was
decomposed directly into products with lower mass number without being oxidized into
sulfoxide first [214].

For synthesizing TiO, nanoparticles with wide spectral absorption, Guo et al. utilized
CGDE in NH4NOj; solutions using a Ti wire cathode at 100 V very successfully for the
synthesis of high quality TiO, nano/microspheres that absorbed in the full range of optical
wavelengths over 240-2600 nm. They showed both from experimental and theoretical
studies that oxygen vacancies in the bulk TiO, spheres were primarily responsible for this
excellent absorption. In an attempt to improve the diametric distribution of the TiO,
particles they employed electropolishing of the Ti wire cathode and a lower voltage CGDE
at 70 V, and obtained TiO, nanospheres (20-200 nm) with more anatase phase but with
full retention of wide optical absorption [215, 216].

Use of Cathodic GDE in Aqueous Electrolytes

A well-known variation of cathodic CGDE where a DC glow discharge is struck between
the cathode positioned in the gas space above the electrolyte surface and the electrolyte
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itself with the anode immersed in the liquid, is cathodic glow discharge electrolysis (GDE).
Sankaran et al. applied a DC power supply to ignite such non-contact GDE in the form of a
continuous-flow of a gas (Ar at 25 sccm), atmospheric-pressure microplasma as the
cathode positioned 1-2 mm from the surface of a dilute acid solution, operated with a
metal foil anode dipped in the electrolyte at a constant discharge current of 5 mA. They
produced thus colloidal dispersions of uniform, high-purity metal nano-scale particles
directly in the aqueous phase, and showed this emerging method a low cost, scalable and
general one for the synthesis of a wide range of nanoparticle materials in the liquid phase.
The particles were formed from the metal cations generated from anodic dissolution of a
bulk metal (Ag, Au) or metal ions present in the electrolyte (AgNO3z, HAuClO,) with a Pt
anode. When these metal ions reached the cathode, defined by the microplasma— liquid
interface, reduction to the zero oxidation state would occur by the species created at the
solution interface (e,q, H', H>O,) through interactions of the energetic particles from the
microplasma with the solvent molecules there. Metal (Ag, Au) nanoparticles freely
nucleated, grew to ~ 10 nm size and dispersed into the solution. Undesirable agglomer-
ation was prevented by the addition of a stabilizer molecule (fructose) that could interact
with and bind to the metal nanoparticle surface. The authors showed that the relative
growth rate of nanoparticles between those formed from metal foil or metal electrolyte
depended upon the metal itself. These noble metal nanoparticles have attracted significant
interest for surface enhanced Raman scattering (SERS), catalytic, and medical applica-
tions. [11, 217, 218].

Use of Cathodic GDE in Ionic Liquids

Ionic liquids as compared to conventional solvent-based systems, offer several distinct
advantages for carrying studies on synthesis of nanoparticles by GDE: (i) the low vapor
pressure of ionic liquids allows the process to be operated at low pressure (<1 atm) where
nonthermal plasmas are more stable, (ii) ionic liquids are, thus, safer than organic solvents
from an environmental perspective, and (iii) the electrochemical window for ionic liquids
is much wider than the 1.23 V window for water electrolysis and assuming that the plasma
creates a potential significantly higher than this value, the current efficiency for the desired
electrochemical reaction should be higher. Endres et al. demonstrated first the synthesis of
nanoparticles from an ionic liquid by GDE technique at ~470 V and current density of
2 mA/cm>. They prepared crystalline Ag nanoparticles of 8-30 nm size by subjecting
AgNOj; and AgCF;SOj; dissolved in the ionic liquid, 1-butyl-3-methylimidazolium triflu-
oromethylsulfonate ((BMIm][TfO]), to a low-pressure DC cathodic GDE plasma [11, 219].
The authors extended the study to the synthesis of Cu nanoparticles from CuCl and CuCl,
in the ionic liquid, 1-butyl-2-methylimidazolium dicyanamide ([BMIm]dca) at 400-500 V
[11, 220]. Hatakeyama et al synthesized Au nanoparticles from HAuCl, dissolved in the
ionic liquid, 1-butyl-3-methylimidazolium tetrafluoroborate ([CsH;sN,]* [BF4]7). They
found further that not only cathodic GDE but also anodic GDE both at 1 mA would give
rise to Au nanoparticles that too with a substantially higher growth rate from the same
HAuCl, in ([CgH,sN,]" [BF,]7) system [11, 221-224]. This was not unexpected as the
yield of Au**/AuCl,~ reducing species, €.q H', H,O, from plasma particle-solvent/ionic
liquid interactions are several times higher at the anolyte interface than at the catholyte one
[1, 21]. Cathodic GDE in ionic liquids has the potential of being the cleanest method for
preparing metal nanoparticles since only electrons are involved [225].
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Use of Cathodic GDE in Molten Electrolytes

With a view to see the feasibility of molten electrolyte media for fabricating nanoparticles
by cathodic GDE, Ito et al. applied the technique in a eutectic of LiCl-KCI-CsCl melt
containing FeCl, and PtCl, with a W-rod cathode placed in Ar gas at 1 atmosphere and a
sacrificial Fe plate as the anode by applying a voltage of 20 V. This way they could
synthesize successfully sub-50 nm magnetic nanospheres of FePt intermetallic compound
having high coercivity (245 mA/m). Metal ions from the electrolyte melt and/or from the
anodic dissolution were reduced by electrons emitted from the cathode at the Ar-melt
interface into ultrafine particles [226]. They employed the technique at 300 V for fabri-
cation of Ag, Ni, Ti nanoparticles also [227-229].

Sankaran et al. published a review covering mainly charge transfer processes in both
GDE and CGDE with the focus on nanoparticle synthesis [11].

Machining and Micro-machining of Materials

Owing to its potentiality for generating intense localized heat in a controlled manner
cathodic CGDE under the title electrochemical discharges (ECD) has emerged a non-
conventional machining process for conducing and non-conducting materials. The
resulting technology is referred as electrochemical discharge machining (ECDM) or
electrochemical spark machining (ECSM). Among the earliest reports on exploring suc-
cessfully cathodic CGDE/ECD for machining materials were by Kurafuji et al. for drilling
holes in glass work pieces [7, 230] and by Kubota for drilling steel plates [7, 231]. Cook
et al. carried out pioneering studies on the influence of electrolytic properties, applied
voltage and others parameters on the material removal rate during ECD of glass and some
other ceramics [7, 232].

Subsequently, Ghosh et al. showed that the technique could be employed for micro-
welding very thin twisted wires of a thermocouple (chromel-alumel and several other pairs
as the cathode) in a 25% NaCl solution using a sufficiently thicker stainless steel rod
anode, to produce satisfactory joints at 80—100 V. They proposed a model predicting the
critical voltage and the critical current density for initiating the glow discharge between the
tool cathode and the electrolyte considering that the rate of bubble production at the
cathode was given by the sum of the rates of electrolytic gas production and the vapor
production by local Joule heating. The critical parameters calculated compared well with
experimental values [7, 233, 234]. They further developed a simplified model to predict the
characteristics of the material removal rate for varying input parameters with the objective
of finding the possibility of enhancing the capability of the process. They analyzed ECDM
as a switching process between the tool electrode and the electrolyte, and it was found that
an extra control parameter can be obtained by introducing an additional inductance in the
circuit. The theoretical and experimental results indicated that a substantial increase in the
material removal rate could be achieved due to the additional inductance introduced.
[7, 235, 236].

In further developments Ghosh et al., Jain et al, Bhattacharya et al, Fascio et al.,
Wauthrich et al. demonstrated that cathodic CGDE had the potentiality of machining glass,
quartz, various ceramics and other non-conducting materials for holes, wires and even
threads by positioning the workpiece just below the glow discharge cathode (usually of Cu)
in an alkaline electrolyte (20-30% NaOH solution) at 70-90 V pulsed DC at 50 Hz using
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Cu anode [7, 235-250]. The technique made use of intense thermal effects of cathode glow
enough for melting and even evaporating the work material below the tool cathode in
combination with etching action by the alkaline electrolyte and was referred as spark
assisted chemical engraving (SACE). By controlling the gas film thickness around the
cathode reproducibly to a few pum resolution through the use of a surfactant e.g. a liquid
soap additive to the catholyte. It was found that the size of the hole in a glass plate by
SACE technique was found reduced from ~ 172 to ~9 pm on adding a liquid soap to 30%
NaOH electrolyte with reduction in critical voltage from 21.2 to 13.7 V and reduction in
critical current from 1.30 to 0.53 A. Thus method holds the potential of upgradation as a
micro-precision machining for non-conducting materials.

The machining accuracy in drilling quartz and glass plates by SACE in a KOH solution
was improved by Hourng et al. using a W rod as the tool through the addition of 6.5% ethyl
alcohol to the electrolyte [251].

Not only the cathode but also the anode was employed as the tool electrode in the
machining process [232, 252, 253]. Interestingly, as shown by West et al. drilling a glass
plate with an anode-tool of stainless needle and a stainless steel rod as the auxiliary
electrode in 30% NaOH solution at 40 V led to 367 pm dia. hole as compared to 976 um
dia. hole on reversing the polarity of the electrodes. Interestingly, anodic machining led to
a more spherical hole shapes than with cathodic machining, where V-shaped profiles were
obtained. They attributed this to the possible formation of a large number of OH' radicals at
the gas film-solution interface during anodic ECD when the concentration of OH' radicals
as a function of hole depth appeared more or less uniform. The work piece was etched
isotropically resulting in a spherical shape profile [253].

In a challenging working on drilling a micro-hole in a 304 stainless steel plate as the
workpiece anode, Huang et al. employed ECDM at 10-14V successfully with a high speed
rotating (24,000-42,000 rpm) tungsten carbide helix micro-tool cathode (250-400 pm
dia.) in pure water [254].

Moreover, a number of hybrid micromachining techniques involving cathodic CGDE
has been developed for machining of conducting, non conducting and hard to cut materials
[255-257].

Hydrogen Production

Currently, hydrogen is regarded as one of the most suitable ways to store renewable
electricity, because of its high energy density and hence high energy capacity. Combined
with fuel cell technology, this makes hydrogen storage most appropriate for compensation
of long-term fluctuations. Based on its non-faradaic chemical effects, CGDE may provide a
feasible technology for hydrogen generation. This method of hydrogen production in
recent years has attracted significant attention as a sufficiently rapid and amenable one to
incorporation into cost-effective point-of-use systems. The first report on non-faradaic H,
liberation during cathodic CGDE at 200 V in KClI solutions at a Pt wire was made by Palit
in 1967-68 [258, 259]. The phenomenon was systematically investigated by Sen Gupta
et al. at 220-240 V who showed that substantially excess H, over the faradaic yield
(200%) was obtained from the plasma phase reaction zone of cathodic CGDE of aqueous
solutions of many salts, acids and alkalis through the recombination of H' radicals pro-
duced there [1, 260, 261]. It was expected that in the presence of a H/OH' scavenger such
as a lower alcohol, non-faradaic yield of H, should enhance further due to their scavenging
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action on a H' radical in cathodic as well as anodic CGDE producing a H, molecule
straight plus a decrease in the extent of the recombination of H with OH'. This was shown
for several propyl and butyl alcohols [29]. In fact, Yan et al. demonstrated cathodic CGDE
of methanol/ethanol solutions of NaOH, a promising method for generation of hydrogen.
Cathodic CGDE was found more than 9-10 times more productive than anodic CGDE in
terms of mol/mol electron. The energy consumption for H, production was found
4.2-5.2 kJ/1 for cathodic CGDE of a methanol/ethanol solution at a W rod cathode for an
applied voltage of 1000-1150 V as compared to 10-12 times higher value for anodic
CGDE. The main bye-product was an aldehyde and H, percentage in the cathode gas after
the separation of aldehyde was as high as 80-88%. Thus, the recovery of the aldehyde
would effectively reduce the cost of hydrogen production [30, 31].

Mizuno et al. attempted continuous production of non-faradaic hydrogen by optimizing
the electrode surface condition, electrolyte temperature, current density and the input
voltage. They achieved an electric power efficiency of 10% at an input voltage of 325 V.
They further claimed that by plasma electrolysis using a W wire cathode in K,COj3
solutions at 350 V as much as 80 times more hydrogen than by conventional electrolysis
could be generated [262, 263].

Bespalko reviewed recently the foregoing developments in an article and made a rel-
ative assessment of CGDE with methanol steam reforming, conventional water electrolysis
and water vapor electrolysis for H, generation. CGDE was found to have the superiority
over methanol steam reforming in virtual freedom from CO, emission, over both normal
electrolysis of water and a modern water vapor electrolyzer in lesser net energy con-
sumption. However, its power efficiency was rather low. Thus, CGDE as a H, generating
process needs development to overcome this main drawback [14].

Conclusions and Future Outlook

The article provides a review of the state-of-the-art in the applications of contact glow
discharge electrolysis (CGDE) as a reference document for researchers in this and related
areas. It illustrates how the appreciation of remarkable potentialities of CGDE in gener-
ating strong thermal effects and high local yield of H and OH' radicals has led to its
judicious exploitation for economical and green solutions to certain existing problems
across diverse technologies ranging over synthetic chemical, polymer, water pollution
remediation, hydrogen production, electroceramic, magnetic, photoactive and catalytic
surface materials, surgical and biomedical, aerospace and automotive, oil and gas, electric
and tools, nanoparticle, film and coatings, machining and micro-machining technologies.
The challenge is now to expand its domain of applications, explore it for advanced
applications, optimize and tune best its operational conditions for specific applications and
improvise CGDE as a commercially viable tool particularly for polymer, waste water
management and metal including surgical and bio-implant industries. For every applica-
tion, the goal is naturally to minimize energy consumption for generation and sustenance
of electrolytic plasmas by working out the electrolysis conditions, and to make this green
technology economically competitive with the traditional ones. It has been shown that
electrolyte temperature, surface tension, resistivity in the vicinity of the working electrode
and electrode geometry, specific resistance and surface properties of electrode have con-
siderable influences on the initiation of a plasma in the liquid around the electrode
[1, 20, 23, 264, 265].
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It is a complex and multidisciplinary area of research which requires a combined effort
of specialists from different scientific fields such as plasma physics, plasma chemistry,
electrochemistry, materials science, nanotechnology, bio-medicine, engineering, advanced
manufacturing, environmental science, analytical sciences and instrumentation etc. The
subject interfaces readers from various backgrounds and diverse interests. No doubt, there
is yet a long way to go towards the full exploration of the potential of CGDE.
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