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Ocean Acidification: Evil Twin of Global Warming?
a

Deekshith Nevil Pinto a*, Swarnika Sharma a
School of Ecology and Environment Studies, Nalanda University, Rajgir, Bihar, India
*deekshith_np@yahoo.co.in

Abstract
Ocean Acidification is one of the biggest threats to the marine ecosystem in our generation. This article tries
to analyse Ocean Acidification through the prism of current research in the area and tries to explain the
phenomenon and its effects in a simpler way. The decrease of 0.1 units in pH scale over two centuries might
seem very small but it actually indicates a net increase of 30% acidity in the sea water and if we continue the
business-as-usual the pH might reduce by 0.3 to 0.4 units further indicating an increase of over 100% acidity.
This will be a situation that has never been experienced by our oceans over hundreds of millions of years and
that is the reason; many refer ocean acidification as the ‘Evil Twin of Global Warming’. The major possible
effects of ocean acidification include a decrease in saturation of seawater with respect to Calcium Carbonate,
coral bleaching, reduced metabolism, effects on photosynthesis, reduced health, for marine organisms and the
socio-economic impacts on human beings. Thus, it becomes very much essential to adopt the mitigation
techniques to overcome this problem. It should not happen that in a time when we are going to other planets in
search of life, we lose it in our own oceans where the life originated. This paper also tries to highlights the
current researched level, research gap and puts the understanding about the ocean acidification into intense
scientific scrutiny.
Keywords: Ocean Acidification; Climate Change; Global Warming; Carbonate Saturation; Pteropods; Sea
Water pH

1. Introduction.
Oceans are believed to be the source of life
on earth. Ocean or Marine Ecosystem is very rich
covering almost two third of the surface of the
earth. Oceans play a very important role in the
biogeochemical cycle, form a habitat for a
countless number of species, and provide a
livelihood for millions of people. They generate
more than 50% of the earth’s oxygen and act as
the largest sink of CO 2 (National Research
Council, 2010). The chemistry of the ocean leads
to the formation of life as we know it billions of
the years ago. The change in the same chemistry
is now threatening the existence of this vast
biodiversity of Oceans. Ocean Acidification (or
more precisely the reduction in ocean alkalinity)
is not a theory to be debated upon now, it is a
realit y whose long-term implications are
experimented upon. Ocean acidification is a
continuous process by which ocean pH has
decreased from 8.25 to 8.14 since the beginning
of the industrial revolution due to the continuous
absorption of Carbon Di-Oxide emitted from

various anthropogenic activities (Sponberg A. F.,
2007). The dire need for finding the way out is
being mired with the scientific uncertainties
regarding organism responses and implications
of mitigation methods. This article tries to analyse
this phenomenon through the prism of current
research in the area and tries to explain the
phenomenon and its effects in a simpler way.
2. Chemistry of Ocean Acidification
Oceans play a pivotal role in global carbon cycle
and earth’s climate system. Oceans moderate the
amount of Carbon in the atmosphere by absorbing
CO2. As the famous scientist Scott C. Doney
points out , the oceans have taken up
approximately half of all the fossil carbon that
are released into the atmosphere due to the
anthropogenic activities since the beginning of
the Industrial Revolution (Doney, S. C., 2006).
Though t his phenomenon may seem very
beneficial for mitigation of Global Warming, it
also leads to increase in Hydrogen ion
concentration [H+] through the hydrolysis of CO2
in seawater. This process ultimately results in
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making the oceans more and more acidic. The
decrease of 0.1 units in pH scale over last 200
years might seem very small but it actually
indicates a net increase of 30% acidity in the sea
water and if we continue the business-as-usual
the pH might reduce by 0.3 to 0.4 units further
indicating an increase of over 100% acidity
(Caldeira K. and Wickett M. E., 2003). This will
be a situation that has never been experienced by
our oceans over hundreds of millions of years and
that is the reason; many refer ocean acidification
as the ‘Evil Twin of Global Warming’.

Fig. 1. Chemistry behind Ocean Acidification
(Source: Doney, S. C., 2006)
Carbon dioxide (CO2) absorbed by the oceans
combines with seawater to form carbonic acid
(H2CO3) releasing hydrogen [H+] ion and leaving
both carbonate [CO32-] and bicarbonate [HCO31-]
ions behind [Fig. 1]. The chemistry is not so
straight forward sometimes with some part of
carbonic acid might remain without dissociating
and some CO 2 also will remain free
(Congressional Research Service, 2013). The
ultimate result of all these reactions is the net
increase in the hydrogen ion concentration as
shown in equation (1) which results in a more
and more acidified seawater.
CO 2 (aq) + H2O

H2CO 3 HCO3" + H+ CO 32" + 2 H+ … (1)

3. Effects of Ocean Acidification
The primary and most widely discussed ill effect
of ocean acidification is the simultaneous drop
in the Carbonate ion [CO32-] concentration with
J. Electrochem Soc. India
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the rise of aqueous CO2 concentration [CO2(aq)]
which will eventually result in making it much
more difficult for the marine calcifying organisms
to form biogenic calcium carbonate [CaCO3]
shells. (Orr et. al., 2005) Formation of Calcium
Carbonate shell by these organisms happen at the
surface of the oceans where there is a
supersaturation state for the [CaCO 3]. This
supersaturation stage occurs at different heights
across the globe. Below this saturation horizon
the [CaCO3] shells start dissolving and eventually
disappear since the water is in the less saturated
or unsaturated condition for these minerals.
Whenever there is an excess hydrogen ion present
in the system the equilibrium shifts towards the
left since Carbonate ion [CO32-] has more affinity
towards hydrogen [H+] ion than the Calcium ion
[Ca2+] resulting in making the water unsaturated.
Thus, Ocean acidification causes a dramatic
upward shift of the saturation horizon resulting
in a continuous decrease in the habitable zone of
the calcifying organisms. The most vulnerable
organisms to these changes are phytoplankton
such as coccolithophorids, planktonic organisms
such as foraminifera and pteropods that are
considered to be at the bottom of the food chain
which most of fishes and mammals depend on
(Ries J. B., Cohen A. L., and McCorkle D. C.,
2009). As projected by some studies, by the year
2050, the surface waters of Southern Oceans will
experience undersaturation with respect to
aragonite, a metastable form of calcium carbonate
[CaCO3] and even more worrying prospect is that
this under-saturation could be seen throughout
the Southern Ocean and in the subarctic Pacific
Ocean, before the end of this century (Orr J. C.,
et. al., 2005).
Another adverse effect of ocean acidification is
its role in coral bleaching (Participants of the
Ocean Acidification Workshop & the Nature
Conservancy, 2009). Corals are marine
invertebrates which live in colonies and secrete
Calcium Carbonate skeleton that accumulates
over time to form the coral reefs. The beautiful
colours of these reefs, that cradle almost a quarter
of oceans biodiversity, are usually imparted by
the symbiotic algae and protozoans like
Zooxanthellae (The Royal Society, 2005). Under

162

various environmental stresses, these symbiotic
organisms are expelled revealing the white
calcium carbonate skeleton underneath. This
phenomenon is referred as the ‘Coral Bleaching’.
One of the environmental stresses that trigger this
is ocean acidification and along with global
temperature rise acidification is one of the biggest
threats to the survival of corals in future. All in
all, calcification may not be the only physiological
process that suffers severely from ocean
acidification. In response to acidification, many
species display physiological trade-offs including
amplified metabolism, reduced fitness and health,
and changes in behavioural responses associated
with calcification upregulation, which poses a
great threat to their survival (Findlay H. S. et. al.,
2011).
Ocean acidification (OA) also weakens the
capacity of marine and coastal ecosystems to
provide economic services to humans such as
tourism, extraction of red coral for jewellery
product ion, and fisheries (capt ure and
aquaculture). Additionally, there is an expected
disruption of the carbon sequestration service of
the oceans, which will indirectly affect climate
stability. (Rodrigues L. C., Bergh J. C. J. M. V.
and Ghermandi A., 2012)
In spite of all these adverse effects the increased
CO2, there might just be an advantage also. There
are some phytoplanktons whose growth is limited
by the low availability of dissolved carbon
dioxide (Doney, S. C., 2006). These organisms
might be benefitted from increases availability
of dissolved CO2 though this fertilization effect
is yet to be proven scientifically.
4. Conclusion
The phenomenon of Ocean Acidification was
unimaginable just a century ago since the very
concept of pH did not exist then. Now, the great
biodiversity of the ocean is at great danger will
face extinction within one more century if not
acted responsibly. The scientific uncertainty
regarding the potential impacts has long been
used as an excuse for delaying the actions. Recent
studies listed in the article are clearly indicating
the huge threat being faced by the marine
organisms and the uncertainties have been
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washed off. The precautionary principle should
be applied in this regard and the acidification
problem should be mitigated. There are numerous
mitigation options available such as the reduction
in CO 2 emissions, iron fertilization, carbon
sequestration etc. Most of these options are
though considered to be expensive and the
ultimate implications of these methods are also
debatable. But since the mitigation option for
Ocean Acidification will also help in the reduction
of global warming, it seems beneficial either way
to adapt these technologies with all prior
precautions. It is essential to maintain the vast
biodiversity present in the oceans and the
livelihood of millions of people dependent on
these changing oceans. It should not happen that
in a time when we are going to other planets in
search of life, we lose it in our own oceans where
the life originated.
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Abstract
The Metal-organic frameworks (MOFs) are a class of porous materials in which organic poly functional
ligands like 1,4-benzenedicarboxylic acid, 1,3,5-benzenetricarboxylic acid, etc., form coordination bonds with
some specific transition metals to form extended polymeric structures.These materials have a high pore volume
and a large surface area. Hence, these materials are being studied widely for the application in the fields such
as Energy (hydrogen gas) storage, sensors, catalysis, separation, as carriers for nano-materials and drug delivery,
etc.This paper describes the synthesis of Zn-BDC MOFs at relatively low temperature by solvothermal
procedure. The reaction mixture containing zinc salt and benzene-1,4-dicarboxylic acid (BDC)also called
terephthalic acid(TPA) and 1-methylimidazole (MI) in DMF was heated under solvothermal condition at
120°C. White colored powder obtained was characterized by FTIR, Powder XRD, Field emission scanning
electron microscopy (FE-SEM) and BET surface area measurementtechniques. The XRD study has revealed
the crystalline nature of Zn-MOFs. The FE-SEM images show the stacks of well-aggregated flake like crystals
with attractive smooth surfaces. The dimensions of the particles include the width ranging from 0.4 m to 1 m
and the length ranging from ranging from 0.8m to 3 m. From BET surface area measurements, the above ZnMOFs samples found to exhibit the specific surface area of about 14.7764 m2/g and average pore diameter of
about 36.065 Å. The nitrogen adsorption–desorption isotherm of MOFs was measured at 77 K by using a
NOVA-1000 Surface area analyzer.
Keywords: Benzene-1,4-dicarboxylic acid, Metal-organic frameworks, Solvothermal reaction, Zinc, Hydrogen
adsorption.

1. Introduction.
Metal-organic frameworks (MOFs) form a new
class ofpolymericporous mat erials[1]with
frameworks constructed by the organicligands
and met al ions/clusters[2]havingunique
features[3-5].The linkers are organic
functionalligands that coordinate with multiple
met al centres formingone, t wo, orthree
dimensional polymeric structuresin accordance
with their starting materials[7-9].
MOFs have attracted great attention over the past
years. They have potential applications in many
areas, including catalysis, sensors, and drug
delivery, especially in gas separation and gas
storage. MOFs are porous materials hving high
surface area, tuneable pore sizes and topologies,
which leads to flexible architectures and

applications such as ion exchange, adsorption
with a special importance on hydrogen gas
storage[10]. According to the pore size, the
porous materials are classified into: microporous
(pore diameter 0.2–2.0 nm), mesoporous (pore
diameter range up to 2.0–50.0 nm) and macro
porous (pore sizes exceeding 50.0 nm).
Microporous and macro porous materials are
extensively used as adsorbents [11].
MOFs can be synthesized by hydrothermal,
solvothermal, Microwave, etc., techniques. These
methods involve normally elevated temperatures
and pressures[12]. The synthesis of MOFs can
be influenced by many factors such as the nature
of metal ions and organicligands, solventsystem,
pH counter ions, and temperature as well as
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molecular interactions including hydrogen
bonding [13–15].

Finally, the productwasdried at room temperature
for 24 hours.

In this work, we have focused onsynthesis
conditions and the morphologiesof t he
conventional and novel metal-organicframework
material using 1,4-benzenedicarboxylic acid of
(H 2 BDC),oxalic acid (OA), and 1methylimidazole (MI) linkersrespectively.Several
metals have been used for the synthesis of MOFS
these metals are divided into two groups as
nitratesandoxides of (Zn, Co, Cu, Cr, Fe,Mn, La,
Ag)[16-18].These can be formed by heating a
mixture of organic linker andmetal salt in a
solvent system that usually contains N,Ndimethylformamide functional group[19,20].

2.3 Characterization Techniques

2. EXPERIMENTAL
2.1 Materials and Apparatus
All chemicals such as Zinc nitrate hexahydrate,
Terephthalic acid, Oxalic acid, N,Ndimethylformamide (DMF) etc.,used in this
research work were of analytical grade, obtained
from SDFCL (s d fine chem. Limited). 1methyleimidazole and chloroform were obtained
fromSpectrochem Pvt. Ltd. All of these were
reagent grade chemicals and used as they
received.
The reactors used were stainless steel autoclaves
with Teflon liners of 60 ml capacity. The Mathri
(Kerala) hot air oven was used for heating the
autoclaves. Sonicator was used for uniform
dispersion of the reaction solution.
2.2 Synthesis Procedure
A mixt ure of Zn(NO 3 ) 2· 6H 2O (2.0 gm),
tet epht halic
acid
(i.e.,
1,4benzenedicarboxylic acid) of about 0.70 gmand
oxalic acid(0.70 gm) were dissolved separately
in 25 ml of DMF with mild stirring and then added
about 0.5 ml of 1-methylimidazole to get a clear
solution.The resulting solutions weretransferred
to a Teflon-lined stainless steel autoclave and
heated in a oven at 120°C for 72 h. Then the
reaction system allowed to cool to room
temperature. The content of the autoclave was
filteredand the white colored cryst alline
materialobtainedwas washed repeatedlywith fresh
DMF several times followed bychloroform.
J. Electrochem Soc. India

Theabove product was characterized by studying
the vibrational properties of the functional
groupson
Shimadzu
8400S
FTIR
spectrophotometer using KBr pellets. Powder Xray diffraction (PXRD) analysis was carried out
using BrukerD8 Advance powder X-ray
diffractometer with CuKα radiation, at λ=
0.1541874 nm to obtain the information on the
purity, phase structure and nature (crystalline or
amorphous) of the product. FE-SEM images were
taken on the Zeiss field emission scanning
electron microscope.The BET surface area
measurement s were made on Nova1000
instrument.
3. RESULTS AND DISCUSSION
3.1 FT-IR spectral analysis
Fig.1 is the FTIR spectrum of as synthesized
compound. It comprises the major peaks at 3400,
3116, 2750, 1600, 1460, 1384, 1310, 1090, 1018,
952, 800, 889 cm-1. Theabove-mentioned peaks
can be identified as different regions in the
spectrum. The first region is showing the peak
3400 cm-1 due to C-H stretching mode of benzene
ring. The second region is having peaks in the
region 2750 cm-1 because of C-H stretching in
methyl ring. The third region is 1600 - 1460 cm1
having intense bands due to asymmetric and
symmetric modes of carboxylate at 1600 cm-1 and
1425 cm-1 . This region is also shows the
characteristic peaks for aromatic benzene ring at
~ 1600 cm-1(v), 1580 cm-1(v), 1440 cm-1 due to
benzene ring st arching and C-H bending
vibrations. The fourth region carrying peak in the
region 1310 cm-1 is due to C-N stretching and CH bending in the plane. The fifth region is 10901018 cm-1, which is an indicative of aromatic
substitution pattern and indicates 1,4 substitution.
The same region also correspond to the peaks
because of C=C and C=N stretching. The peaks
in the sixth region (930 - 880 cm-1) correspond to
C-N-C bending in the plane. The next and the
last region from 780 – 850 cm-1 associated with
deformation of carbonyl substituent out of the
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planeat 800 cm-1. The shifting of the C=O of
carboxylate and C-N vibrations indicate the
formation of the bonding with the metal, Zn
centrally with the ligandsterephthalicacid, Oxalic
acid and 1- Methyl imidazole.

Fig1:FTIR spectrum forZn-bdc MOF
compound
3.2 P-XRD analysis
Powder XRD pattern (Fig.2) for the product was
obtained by employing the monochromatic highintensity CuKα radiation (λ= 0.1541874 nm). The
sharpness of the peaks in the pattern indicates
thecrystalline nature of the product.The presence
of prominent metallic peak at the 2č

3.3 FE-SEManalysis
FE-SEMimage of Zn-MOFis presented in Fig. 3.
Scanning electron microscopy is a technique that
enables the study of the microstructure and
surface morphology of the products. The SEM
micrographs show the distribution of particles in
zinc MOF in a range of dimensionsas piles of
flakes arranged as sheet-like clusters. The FESEM images viewed under different
magnificationssuch as 2μm,1μm and 200nm. The
images show the stacks of well-aggregated flake
like crystals with attractive smooth surfaces. A
high magnification image in Fig. 3, shows that
these flakes-like particles are having a range of
dimensions. The dimensions of the particles
include the width ranging from 0.4 μm to 1 μm
and the length ranging from ranging from 0.8μm
to 3 μm. The externalmorphology of the zinc
MOF is more explicit than that of the other MOFs.

Values at 10.6 and 12.5, 13.0 indicate the
coordination of metal with the ligands to form
complex. The pattern without much of noise and
extra peaks hint us about the purity and purephase
structure of the products obtained. The theoretical
(simulated) PXRD pattern calculated from the
single-crystal XRD data is in good agreement
with the experimental pattern, confirming that the
product is highly crystalline and phase-pure.
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Fig.2:PXRD patterns for Zn-bdc MOF
compound

Fig. 3: Scanning electron micrograph (SEM)
of metal organic framework of Zinc showing
different magnifications
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3.4 SEM-EDS Analysis
The chemical composition of zinc MOFs were
st udied by means of energydispersive
spectroscopy (EDS). The EDS pattern of zinc
MOF is presented in Figure 4 (a) and 4 (b)
indicates Zn, C, O, Composition.The EDS pattern
confirms the presence ofzinc, carbon and oxygen.
The corresponding elemental compositions are
given in the table.
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Table1. Element and atom percentage weight
obtained from energy dispersive spectroscopy
of zinc MOFs.
Element

Weight %

Atomic %

CK

35.99

53.85

OK

33.66

37.81

Zn L

30.35

8.34

Totals

100.00

100.00

3.5 BET surface area measurement

Fig.4 (a) and4 (b) Energy dispersive
spectroscopy (EDS) of metal organic
framework of Zinc(bdc).
Quantitative analyses of the EDS result shows
theZn-MOFs on the other hand consists of
35.99% weightof carbon with atomic percentage
of 53.85. Oxygen has a 33.66% weight and atomic
percentage37.81 while zinc was found to have
30.35% weight and atomic percentage of 8.34.\

The surface area and pore volume of Zn-MOFs
were evaluated via N2 adsorption using a NOVA1000BET surface area measurement instrument.
Materials were degassed at180°C for 4 hours.
Surface areas of Zn-MOFs were evaluated using
nonlocal density functional theory (NLDFT). The
pore textural properties, BET specific surface
area,t he Langmuir specific surface area,
cumulative pore volumeand the adsorption
average pore diameter for the compoundswere
calculated. The sorption isotherms of obtained
with nitrogen gas represent type I isotherm with
no hysteresis, which demonstrates the presenceof
microporous structure. The obtained BET surface
area, 475 m2 g-1 represents the adsorption capacity
of our compounds whichis reached at amount
adsorbed = 14.77m2/g -1 andthe average pore
diameter = 36.065Åcorresponding to micropore
volume =0.01332 cc/g.
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14

12

10

Volume adsorbed

\

8

6

4

2

0
0.0

0.2

0.4

0.6

0.8

1.0

P/P0

Fig. 5N2 adsorption–desorption isotherms of
Zn-bdc MOF sample
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5. CONCLUSIONS
Zn-bdc, a well known MOF, has been
successfullysynthesized by solvot hermal
met hodat low temperature at about
120°C.Theaccelerated synthesis of crystals has
been observed in solvothermal method and it
could be due to the fastnucleation reaction
whereas, in conventional heatingmethod, the
nucleation takes place only on the walls ofthe
reaction container. But solvot hermal
methodprovides a uniform nucleation
environment for the crystalgrowth. The SEM
images show the very attractive morphology of
the product which includes the piles/ cluster of
theflakes of MOF crystals. The dimensions,
surface area and pore volumes of the MOFs
prepared are quite significant.The successfulness
of our method of synthesis lies in obtainingthe
pure and crystalline product overhigh
temperatureand time consuming conventional
methods.
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Electrochemical behaviour of Th4+|Th couple in LiCl-KCl
eutectic using electrochemical impedance spectroscopy
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Abstract
Electrochemical impedance spectroscopy (EIS) of Th4+|Th couple was carried out at inert tungsten (W) and
liquid cadmium (Cd)electrodes in LiCl-KCl eutectic at temperature ranging 698 – 798 Ktoinvestigate the
interfacial processes related with cathodic reduction of Th4+ ions. The impedance data were measured at
different potentials and fitted to the equivalent circuits.

1. Introduction.

2. Experimental

Reversibility of any redox couple depends on
several
electrode
kinetics
factors.
Electrochemical impedance spectroscopy is best
suited for estimating heterogeneous rate constant.
The present work focuses on the equivalent circuit
fitting of complex impedance spectra of ThCl4 in
LiCl-KCl eutectic at 773 K for determining
charge transfer resistance, double layer charging
capacitance etc and to study about kinetics and
various interfacial processes occurring during
reduction of Th4+ at inert as well as liquid Cd
elctrodes in molten LiCl-KCl eutectic. Studies
were carried out at both inert and liquid cadmium
electrodes to compare the reduction behaviour of
Th4+. Elctrochemical behaviour of Th4+|Th couple
has been investigated in molten salt earlier by
various groups. Only one stable oxidation state
+4 of thorium ion was found in molten LiCl-KCl
eutectic and reduction of Th4+ to Th metal was
found one step four electron transferred process
by Gurudas et al. [1] and Cassayre et al. [2] using
cyclic voltammetry method. The authors [1,2]
also have measured various electrochemical
properties likeDiffusion coefficient (D), charge
transfer coefficient (α), activation energy (Ea),
apparent standard reduction potential ( E 0* ) of
Th4+|Th couple in molten LiCl-KCl eutectic at
inert electrode using various transient
electrochemical techniques like cyclic
voltammetry, chronopotentiometry, square wave
voltammetry etc.

2.1. Chemicals:All chemicals used in present
work were of analytical grade. Anhydrous lithium
chloride was obtained from Alfa Aesar (Ã 98%),
anhydrous potassium chloride was obtained from
Ranbaxy Fine Chemicals, India. Cadmium
chloride, anhydrous (Ã99.9%) was obtained from
Alfa Aesar. Cadmium shots (Ã99.95%) of 3 mm
diameter were obtained from Arora Matthey,
Kolkata. Thorium metal was obtained from
BhabhaAtomic Research Centre, Mumbai.
2.2. Preparations of electrolyte and electrode:
LiCl-KCl-ThCl4 electrolyte was prepared by
equilibration of thorium metal with cadmium
chloride in molten LiCl-KCl eutectic inside an
alumina crucible at 773 K for 30 h inside Ar
atmosphere glove box. Liquid cadmium electrode
was prepared by dropping cadmium shots (20 g)
into an alumina crucible placed inside a SS
perforated basket and immersed in molten LiClKCl eutectic at 773 K.
3. Results
3.1. Analysis of electrochemical impedance
data of LiCl-KCl-ThCl4 system
The electrochemical impedance spectra of
Th4+|Th couple were recorded at different cathodic
potentials in the range of -0.8 V to -1.55 V vs.Ag/
AgCl reference at inert Wand liquid Cd
electrodesin the frequency range between 10 Hz
to 10 kHz at 773 K for ThCl4 in molten LiClKCl eutectic. After each measurement a cyclic
voltammogram was recorded in order to control
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the state of the electrolyte and electrodes. The
impedance spectrums were fitted to equivalent
circuits in the frequency range of 10 Hz to 10
kHz. Resistor elements R1 andR2 corresponding
to electrolyte resistance and charge transfer
resistance respectively, constant phase element
(CPE or Q), capacitance (C) and Warburg
impedance (W) were used for fitting t he
equivalent circuit.
ks 

RT
RCT n 2 F 2 C1

(1)

Figure 1 show typical electrochemical impedance
spectra of Th4+|Th couple recorded in the potential
range of -0.8 V to -1.5 Vvs. Ag/AgCl reference
at inert tungsten (W) electrode at 773 K.
Impedance data measured at -0.8 V (Fig 1a) was
subsequently fitted to an equivalent circuit
containing two parallel CPE elementsin series
with a resistor R1. This potential corresponds to
the diffusion of and also adsorption of Th4+ ions.
One of the CPE was interpreted to be related to
diffusion controlled process where n 4 0.5
(Warburg impedance) and another CPE was
interpreted to be related to adsorption phenomena
where n 4 1 (capacitance dominated) as discussed
by Reddy et al. [3]. Impedance data measured at
-1.4 V (Fig. 1b) was fitted into an equivalent
circuit containing one CPE in series with a
resistance element R2 and one capacitor C1 in
parallel with these two. From circuit fitting
resistance R2 was found to be 0.293 ± 0.13 Ω.
Heterogeneous rate constant ks was calculated to
be 3.54 x 10-5 cm s-1 at -1.4 Vusing equation
1.Charge transfer process was rapid at this
potential as R 2 value was minimum. Charge
transfer process was accompanied by diffusion
of Th4+ ions. CPE was interpreted to be diffusion
controlled process as n 4 0.5 was found. Measured
impedance data at -1.5 V (Fig 1c) was fitted into
an equivalent circuit which contains one CPE is
in series with a resistance element R2. The CPE
and resistance element correspond to diffusion
and Th4+ and charge transfer of Th4+ to Th metal
respectively.
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Figure 1: Complex impedance spectra of ThCl4

in molten LiCl-KCl eutectic at W electrode at
applied potential (a) -0.8 V, (b) -1.4 V, (c) -1.5
V at 773 K.
In the same way impedance spectra of Th4+|Th
couple in molten LiCl-KCl eutectic were recorded
at liquid cadmium electrode at three different
potentials ranging -0.8 V to -1.4 V vs. Ag|AgCl
reference, at OCP (No redox reaction), low and
high cathodic potentials respectively at 773
K.Impedance spectra recorded at -0.8 V, -1.1 V
and -1.4 V are shown in figure 2.Impedance data
recorded at -0.8 V (Fig 2a) shows similar trend
to figure 1a. Impedance data recorded at -1.1 V
and -1.4 V shown in figures 2b and 2c respectively
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was fitted to an equivalent circuit containing
Warburg impedance in series with a resistance
element R2 and one constant phase element in
parallel with these two. Charge transfer rate was
observed to be maximum at -1.2 V as minimum
value (0.042 ± 0.067 Ω) of R2 was found at this
potential.

Figure 2: Complex impedance spectra of ThCl4
in molten LiCl-KCl eutectic at liquid Cd
electrode at applied potential (a) -0.8 V, (b) -1.1
V, (c) -1.4 V at 773 K.
4. Conclusion:The study was performed to
investigate the electrochemical deposition
behaviour of Th4+ ions at inert and liquid Cd
cathodes employing impedance spectroscopy. It
was observed that impedance response at OCP
for both inert and liquid Cd electrodes was related
to diffusion and adsorption of Th4+ ions. At low
cathodicpotential a semicircle was observed at
lower frequency range which infers slow charge
transfer rate but at higher cathodic potential the
disappearance of the semicircle infer the rapid
charge transfer rate at electrode-electrolyte
interface.
References:
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Abstract
The new copper (II) extended metal organic frameworks ( MOFs) with malonic ( mal = malonate ) have been
synthesized using electrochemical route and characterized by SXRD, PXRD ,TGA/DTA, and infrared
spectroscopy. MOFs are crystalline solids in which the metal ions and or ligands are assembled infinitely
resulting in one, two or three-dimensional networks having direct metal-ligand coordination. The presence of
ammonia and N-Cetyl tri methyl ammonium bromide plays important role in the structure of abovementioned
MOFs during electrochemical synthesis. The growth of the solids and the polymorphs are interpreted in term
of self assembly between a reasonable soluble molecules reacting in the supramoleculer reaction along the
mechanistic approach proposed by Ramanan and Whittingham during the nucleation of MOFs crystals.
Keywords: metal, ligands , polymorphs , supramoleculer, crystal.

1. Introduction
Metal centers play a key role in the molecular
recognition process in extended materials and
biological systems. In this context, copper has
attracted considerable attention mainly due to
their attractive magnet ic properties,
photoluminescence, novel structural features and
biological relevance involving the binuclear
“CuA” site in cytochrome oxidases and related
model compounds. Since the last decade
enormous research efforts have been diverted
towards the synthesis and application of MOFs.
St ruct ural correlation wit h magnet ic and
Photocatalytic activity has been studied for
hexanuclear copper-based secondary building
unit1. Ultraporous, Water Stable, and ZirconiumBased Metal–Organic Frameworks with ftw
Topology have been studied by Pravas Deria2.
The complexes of transition metal ions with
dicarboxylate ligand have been extensively
studied in the field of molecular magnetism and
in material chemistry on account of its promising
application in the area of technology since it
exhibit a variety of chelating abilities resulting
in dinuclear ,tetranuclear ,1D,2D and 3D
networks. A few of these systems are also useful
J. Electrochem Soc. India

in material chemistry for solvent exchange due
to the presence of open frameworks in their
molecular structure. Among the different
dicarboxylates, major work has been done with
oxalate, coordinating in a bisbidentate chelating
fashion. The crystal structure and low temperature
magnetic behaviour of 1D chains of Cu (II) with
oxalate as one of the bridging ligands have been
reported in the literatrue.
Recently, many functional supramolecular
architectures have been designed and synthesized
in the scope of crystal engineering via the
coordination force, hydrogen bonding and other
intermolecular interactions3-8. Although, there are
still many challenges to understand these tailormade molecular materials, because the structural
control is often received by the delicate and
noncovalent nature of the weak interactions9. The
crystal engineering can be further interesting
when the starting reactants comprise two or more
distinct molecular / ionic component and the
hybrid nature of the resultant materials expands
the range of their potential applications.
During the last three decades, part icular
guidelines for manipulating the molecular
assembly into the prescribed cryst alline
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architecture via hydrogen bonding continue to be
attractive 10-11. In the literature many MOFs have
been synthesized in which the charge-assisted
hydrogen bonds are strong, directional as well as
compliant in nature. In this context, coordination
complexes with peripheral hydrogen-bonded
participant have many challenges12-17, because the
metal ions may also coordinat e with t he
electronegative donar that are favourable
hydrogen bonding sites. The structural connection
of these complexes is discussed from the facets
of metal ions and water components, as well as
the binding diversification of malonate.
The Metal-organic coordination polymers (MCP)
or Metal Organic Frameworks (MOFs) have been
classified as solids in which the metal ions and
organic ligands, self-assemble infinitely leading
to one-, two- and three-dimensional networks,
having direct metal ligand coordination at least
along any one of the dimensions. The ligand must
have at least one carbon atom between the donor
atoms18. It is the bridging organic ligands which
allow for the large diversity in the topologies and
possible properties of the met al-organic
coordination networks. While the ability of metals
to exist in multiple oxidation states exhibiting
different coordination geometries and the
multidentate nature of organic ligands dictates the
dimensionality and directionality of the metalligand coordinate covalent bonds; flexibility,
functionality and chirality in the MOFs is imposed
by the nature of the ligand.
MOFs are formed by self-assembly of metal ions
and organic ligands wherein neutral molecules
or ions present in the medium recognize each
other and communicate in terms of specific
bonding. Apart from the strong electrostatic forces
operating between the various ions, nonbonding
interactions also influence the organization of
these species. It is well known that metal ions
that are susceptible for hydrolysis in a solution
can be stabilized by the formation of complexes
using suitable organic amines or acids. Though
this strategy is widely employed to assemble
MCP, no one has recognized the true primary
building blocks that are crucial for the overall
structural organization. In this context the paper
of Ramanan and Whittingham is significant

Crystallographic structure

wherein they have demonstrated the occurrence
of several neutral MOFs in terms of chemical
events that precede the nucleation of a particular
crystal19. As soon as a metal salt is dissolved in
water or a nonaqueous solvent, a soluble metal
complex is initially formed. The most important
driving forces involved in the self-assembly of
metal ions and ligands involves spontaneous
ordered aggregation of their soluble molecular
precursors. The aggregation and there after
condensation of the molecular species to form a
particular solid is dictated by
The ligands used in t he const ruct ion of
coordination polymers have to bridge between
metal ions. This requires usually multidentate
ligands with two or more donor atoms. Such
bridging ligands are called di-, tri-, tetratopic
depending on the number of donor atoms of
special importance are rigid bridging ligands
since they allow for a certain control of the steric
consequences in the assembly process. The
diversity of organic components is, of course, the
basis for the variety in structural topologies. By
carefully selecting the organic ligand one also
aims to tune the physical properties and, thus,
realize various applications, such as catalysis,
electrical conductivity, luminescence, magnetism,
non-linear optics or zeolitic behaviour 20-24.
Generally, nitrogen- and oxygen-donor ligands
feature prominently in the construction of
coordination polymers. Conventionally
framework solids are prepared through reactions
proceeding at high temperatures leading to
thermodynamically stable compact structures.
Since the presence of a liquid phase, usually an
aqueous solution, favours the diffusion of small
ionic or molecular species, low temperature
chemical routes such as co-precipitation, sol-gel,
solution evaporation, hydrothermal syntheses,
etc. have been employed to obtain metastable
materials with open structures. One of the main
advantages of wet chemical methods is that weak
interactions (hydrogen bonds, CH…., ….
interactions etc.) are not broken at low
temperature. They are involved in the selfassembly of molecular precursors and can play
an important role during the formation of the
MOFs.
J. Electrochem Soc. India
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Long-range ordering of paramagnetic metal ions
in coordination polymers causes them to be
suitable candidates for molecule-based magnets.
Multidentate, closed shell organic ligands, which
are typically used in coordination polymers, give
mostly rise to only weak magnetic interactions.
In order to achieve a strong coupling between the
metal centers with their unpaired electrons, short
oxo, cyano or azido bridges are needed.
It is crucial to understand the formation of a
particular solid in terms of the molecular
precursors involved in the self-assembly. In order
to reduce the interference of other ions instead of
using copper salts such as in solution evaporation
method, the synthetic route employed herein, is
electrochemical. Therefore, while varying the
applied pot ential one can control t he
concentration of copper ions in solution, the
growth of MOFs can be controlled by varying
the concentration of ligand in the solution. The
present paper is thus an attempt to synthesize
single phasic MOFs based on copper and
understand their formation in terms of the reacting
molecular precursors via electrochemical route.
Besides the morphology of the product (powder
or single crystals) can be altered with variation
in experimental parameters such as applied
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external potential, concentration of reaction
mixture, solvent and scan rate (mV/s).
2.0 Experimental
2.1 Materials
Copper electrode (99.99% pure ) was taken as
the anode and platinum wire (99.99 % pure) was
taken as the counter electrode. The electrodes
were dipped in an aqueous solution of the organic
ligand of known molarity. Analytical grade ( A.R.)
of malonic was used as received commercially.
Potential was applied for a fixed time interval
using a potentiostat (Potentioscan Wenking
Model POS 73) and potential applier. Single
crystals were obtained by slow evaporation of the
resultant clear solution at room temperature. Table
1 summarizes the experimental conditions for the
synthesis of MOFs.
2.2 Characterization
Room-temperature powder X-ray diffraction
(PXRD) data were collected with a Bruker D8
Advance diffractometer using Ni-filtered Cu-Kα
radiation. Data were collected with a step size of
0.05° and a count time of 1 s per step over the
range 2° <2θ <60°. Single crystal diffraction
(SXRD) studies were carried out on a Bruker
AXS SMART Apex CCD diffractometer with a

Table 1. Experimental conditions for the synthesis of MOFs
Sample
Code

Anode

Cathode

Reaction
Medium

Applied Duration Remarks
Potential (Hours)
(V)

KS1

copper

platinum

20 mL of 0.1
M malonic acid
with 3.145 mmol
of Liquor
Ammonia Solution

12.5

12

Blue crystals of
[(NH4)2Cu(mal)2]

KS2

copper

platinum

20 mL of 0.1M
12.5
malonic acid with
3.145 m mol of
N-Cetyl tri-methyl
ammonium Bromide

12

Better crystals of
[Cu(mal)2(H2O)
(OH)] [Cu(mal)
(OH)4]
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Mo Kα (0.71073Å) sealed tube at 28°C. Semiemprical absorption corrections were applied
using SADABS and SHELXTL for space group
and structure determination and refinements.
There was no evidence of crystal decay during
data collection. The program SAINT was used
for integration of the diffraction profiles. The nonhydrogen atoms were modelled with anisotropic
displacement parameters and refined by fullmatrix least-squares methods on F2 .Metal
centers were located first and then remaining
atoms were deduced from subsequent difference
Fourier map. Hydrogen atoms were located using
geometrical constraints. All atoms except H were
refined anisotropically. The least-squares
refinement cycles on F2 was performed until the
model converged. Thermogravimetric analysis
(TGA) was carried out using Perkin–Elmer TGA7
and DTA7 system on well ground samples in
flowing nitrogen atmosphere from 40-940°C at
a scanning rate of 10 °C min-1. These studies were
carried out to analyze the thermal stability of the
obtained products and to ascertain the temperature
at which the evolution of the organic moiety
occurred. Fourier Transformed Infra Red (FTIR)
spectra were recorded on a Nicolet 5DX
spectrophotometer with pressed KBr pellets in
the range 4000 to 400cm-1.
3.0 Results and Discussion
The synthesis of copper based MOFs was carried
out by using malonic acid as this has more than
one donor sites and can chelate with copper.
When copper electrode is taken as anode it
oxidizes to give cupric ions in solution. These
ions may undergo further hydrolysis to form
soluble molecular precursors. On increasing the
reaction time, the color of the solution changes
from colorless to intense blue indicating
complexation of the ligand with copper.
3.1 MOFs of Copper with Malonic acid
Oxidation of Cu electrode and followed by
complexation with ligand at room temperature
produced intense blue coloured solution. The
resultant solution was left undisturbed at room
temperature and blue crystals were obtained after
a few days (refer scheme 1). While direct
electrochemical synthesis using ligand and copper

Crystallographic structure

electrode did not yield any product in the case of
only with malonic acid. Therefore, a small amount
of NH3 solution (3.145 mM) in set-1 and NCetyle trimethyl ammonium bromide in set-2 was
added to enhance the ionization of the malonic
acid and thereby facilitate the complexation with
the metal.

Scheme 1. Scheme showing the results
obtained using the electrochemical route.
[(NH4)2 Cu(mal)2], KS1
0.208 g of malonic acid (0.1M) was dissolved in
20 ml of water and 3.145mM of liquor ammonia
was added. Copper electrode was taken as the
anode and Pt was taken as the reference electrode.
External potential (12.5 V) was applied for 12
hours. A clear blue solution was obtained. Blue
block and cube-like crystals of [(NH4)2Cu(mal)2]
were grown by slow evaporation of the resulting
clear solution at room temperature.
Crystal Structure of [(NH4)2Cu(mal)2]
The new copper (II) extended metal organic
framework ( NH4) 2 [(Cu ( mal) 2 ]
( mal = malonate ) has been synthesized via
electrochemical route route and characterized by
TGA/DTA, PXRD, and infrared spectroscopy.
The crystal structure of the complex ( NH4) 2
[(Cu ( mal) 2 ] was studied by the single crystal
XRD. X-ray crystallographic study reveals that
the metal coordination spheres in KS1 is similar
within a monomeric building block [ M( mal)2 ]2
, which is charge-balanced by the cationic
diammonium component. This compound
J. Electrochem Soc. India
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crystallizes in the orthorhombic space group : f d
d 2 with a = 13.925(5) Ao , b = 16. 524(6) Ao, c=
9.137( 3) Ao , V= 2102.39, Z= 8 and chemical
formula C6 H12Cu 1N2O8. Every copper has a
distorted octahedral centre, formed by four
oxygen atoms (from two bidentate malonate
ligands ) in the equatorial sites. The two axial
positions are occupied by two oxygens from two
different malonate ligands forming a distorted
octahedral geometry around copper atom and
extending into 2-D sheets (Figure 1b). Thus the
structure consists of copper malonate complexes
extending into 2-D sheets through oxygen atoms.
These sheets are inter crossed through axial
oxygen in zigzag manner and forms 3-D open
framework (Figure 1,2,11,12 and 13). Four
oxygen atoms from two bidentate malonate
ligands and remaining two oxygens from two
different malonate ligands forming a distorted
octahedral geometry around copper atom and
extending into 2-D sheets (Figure 2, view along
c axis and Figure 10). One oxygen atom of each
malonate remains free. Ammonium ions joins
with copper malonate framework by electrostatic
attraction. It also participates in hydrogen bonding
with oxygen of malonate. In this way the copper
malonate change in to complicated 3D structure
(Figure 4).
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Figure 2.The figure shows 3-D framework
formed by 2-D copper malonate sheets, Zigzag
chains formed through the coordination of
malonate-oxygen atoms ( View along c axis) .
2+
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We have made an attempt to understand the
formation of the solid based on Ramanan and
Whittingham’s hypothesis as shown in Figure 3.
The crystallographic details of KS1 are given in
Table 2. The bond distances and bond angles are
given Table 3.
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Figure1. Crystal structure of [ (NH4)2 (mal)2 ],
(+NH4)2 ions are omitted from crystal structure
for simplicity.
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Figure 3. Soluble cupric tetra aqua dihydroxyl
condense with malonate ions to form 2D sheets
which are further linked by ammonium ions by
hydrogen bonding.
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Figure 4. Crystal structure of [ (NH4)2 (mal)2 ],
KS1 Showing hydrogen bonding ( -N-H.....O ) ,
Hydrgen bonding varies 2.026-2.889 Å
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Figure 5. Powder x-ray diffraction of single
crystal of [ (NH4)2 (mal)2 ] ,KS1generated from
CIF after opening in mercury software

Figure 6.Powder x-ray diffraction of of [
(NH4)2 (mal)2 ] KS1
The phase purity of the above solid has been
ascertained using PXRD. The PXRD of single
crystal has been generated with submitted CIF (
See CIF No. 688412). The PXRD pattern of
single crystal of KS1 is given in Figure 5.This
pattern matches well with the PXRD pattern of
the bulk material ( Figure 6). The FTIR spectrum
of KS1 shows a strong band in the region 646.24735.50 cm-1 that can be attributed to ν (Cu–O)
vibration (Figure 7). The bands at 1175.56 cm-1,

Table 2. The Instrument and crystallographic experimental details of diammonium copper
dimalonate [(NH4)2Cu(mal)2 ], KS1,
Diffractometer
0.204x 0.148×0.102

Bruker AXS SMART Apex CCD

Crystal size, mm3

Empirical formula

C6 H12 Cu N2 O8

Formula weight

303.73

Crystal system

Orthorhombic

Space group

Fdd2

Unit cell dimensions

a = 13.925(5) Å

Volume, Å

2102.4(13)

b = 16.524(6) Å

Z

8

c = 9.137(3) Å

Dcal, g cm

-3

1.919

F(000)

1240

2.114

Reflections used

3089

Reflection collected

4673

Parameters refined

94

Reflections with Ι>2σ(I)

916

R for Ι>2σ(I)

0.0443

R (all data)

0.0447

wR for Ι>2σ(I)

0.1079

μ (Mo- Kα), mm

w

-1

1/[\s^2^(Fo^2^)+(0.0412P)^2^+33.0407P]

R-Factor(%)

4.43

where P=(Fo^2^+2Fc^2^)/3'

Goodness-of-fit on F

1.182

Program

SHELXL-97

CCDC deposition no.

688412
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Table 3. Bond distances and bond angles of
copper malonate [(NH4)2Cu(mal)2 ], KS1,
Bond distances (Å)
C1- O1 1.278
C1- O5 1.282
C1- C2 1.502
C2- C3 1.533
C2 -H2A 0.9700
C2 -H2B 0.9700
C3- O3 1.236
C3-O2 1.252
Cu1 -O1 1.947
Cu1 -O1 1.947
Cu1- O5 2.478
Cu1- O2 1.967
Cu1- O2 1.967
N2 -H1 0.95
N2 -H2 0.98
N2- H3 0.49
N2 -H4 1.27
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residue of TGA matches with reported powder
x-ray pattern of CuO, as shown in figure 9.

Bond angles (° )
O1-C1- O5 120.4
O1- C1- C2 120.9
O5- C1- C2 118.7
C1- C2 -C3 116.6
C1- C2 -H2A 108.2
C3- C2 -H2A 108.2
C1 -C2- H2B 108.2
C3 -C2- H2B 108.2
H2A -C2- H2B 107.3
O3 -C3 -O2 123.0
O3- C3- C2 117.4
O2- C3 -C2 119.5
O1- Cu1- O1 86.7
O1- Cu1- O2 179.3
O1- Cu1- O2 92.62
O1 -Cu1- O2 92.62
O1- Cu1- O2 179.3
O2- Cu1- O2 88.1
H1- N2- H2 117.0
H1- N2- H3 94.0
H2- N2 -H3 131.0
H1- N2- H4 111.0
H2 -N2 -H4 103.0
H3- N2 -H4 99.0
C1- O1- Cu1 127.6
C3- O2 -Cu1 126.9

Figure7. FTIR spectrum of [(NH4)2
Cu(mal)2 ], KS1.

Figure 8. TG normalise curve of diammonium
copper malonate( NH4)2[Cu (mal)2],KS1
Copper Oxide
210
200
190
180
170
160

-1

1898.34-1561.76 cm , 2137.02 cm , and 2999.82
cm-1 are attributed to ν(C-C), ν(C=O), ν(COOH)
and ν(C-H) respectively. Thermogravimetric
analysis (TGA) of KS1 reveals that t he
decomposition of the complex occurs in three
consecutive steps, namely, deammoniation,
ligand pyrolysis and finally, inorganic residue
formation (Figure 8). The deammoniation process
occurs in the range 170-200ºC in a single step,
which corresponds to the loss of two ammonium
ions . The second (280 -380 ºC) and third (380500 ºC) steps are the pyrolysis of the ligand.The
J. Electrochem Soc. India
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Figure 9.Matched Powder X-Ray Diffraction
of TGA residue with PXRD of CuO ( JCPDS
No.80-0076)
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Figure10. Single crystal (Elipsoid model)of [
(NH4)2 (mal)2 ] ,KS1generated from CIF after
opening in mercury(C gray,Cu cyan, N blue, O
red,H white)

Crystallographic structure

Figure 13. Packed Single crystal (capped sticks
model)of [ (NH4)2 (mal)2 ] ,KS1generated from
CIF after opening in mercury(C gray, Cu cyan,
N blue, O red, H white), View along c axis
[Cu(mal)2(H2O)(OH)] [Cu (mal)(OH)4], KS2

Figure 11. Packed Single crystal (capped sticks
model) of [ (NH4)2 (mal)2 ] ,KS1generated
from CIF after opening in mercury(C gray,Cu
cyan, N blue, O red,H white), View along a
axis

Figure12. Packed Single crystal (capped sticks
model)of [ (NH4)2 (mal)2 ] ,KS1generated from
CIF after opening in mercury(C gray,Cu cyan,
N blue, O red,H white), View along b axis

0.208 g of malonic acid (0.1M) was dissolved in
20 ml of water and 3.145mM of N-Cetyl tri
methyl ammonium bromide was added. Copper
electrode was taken as the anode and Pt was taken
as the reference electrode. External potential (12.5
V) was applied for 12 hours. A clear blue solution
was obtained. Blue block like crystals of [Cu
(mal)2(OH)][Cu(mal)(OH)4], were grown by slow
evaporation of the resulting clear solution at room
temperature.
The new copper (II) discreet metal organic
framework [Cu(mal) 2 (H 2O)(OH)] [Cu(mal)
(OH)4], KS2, where ( mal = malonate ) has been
synthesized via electrochemical route route and
characterized by TGA/DTA, PXRD, and infrared
spectroscopy. This compound crystallizes in the
orthorhombic space group : P b c n with a =
14.895(12) Ao , b = 15.005(12) Ao , c =
12.666(10) Ao , V=2831(4) , Z= 8 and chemical
formula C6 H9 Cu2 O14.
In this structure two types of copper units are
obtained in which one copper atom (Cu1) has
distorted pentahedral centre, formed by four water
molecules are occupied in equatorial position and
having equivalent bond. The fifth oxygen which
is occupied axial position coming from malonate
ligand ( Figure 14 and 15). The another copper
(Cu2) has a distorted octahedral centre , formed
by four oxygen atoms(from two bidentate
J. Electrochem Soc. India
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malonate ligands ) in the equatorial sites. The two
axial positions are occupied by two oxygens from
two water molecules forming a distorted
octahedral geometry around copper atom (Figure
14 and 15). Thus the structure consists of discreet
complexes of copper malonate which does not
extend through oxygen atoms as crystal structure
of [ (NH4)2 (mal)2 ], KS1. In the structure of KS2,
the axial one water ligands in the Cu(II)
coordination sphere are located without hydrogen
atom. However the different coordination mode
of the malonate anion towards copper induces
different topologies and different MOFs along
different crystallographic axis ( Figure 16-20).
In this structure out of two malonate ligand one
malonate has two oxygen atom free while another
malonate ligand has one oxygen atom free.
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Cu2- O1 1.956 Å. The M-O distances in one
unit in the axial planes are Cu1-O8 2.383 Å and
in another unit Cu2 -O14 2.419 Å and Cu2-O13
2.517 Å respectively.
These values are also in good agreement with
those observed in the related malonate-containing
complexes25-30. As for the apical M-O lengths
(2.478 Å for KS1 and 2.383 Å, 2.419 Å, 2.517 Å
for KS2 ), they are slightly longer than those of
the equatorial M-O bonds. As expected, the Cu
(II) ion in KS1 and KS2 shows the typical JohnTaller distortion with the significantly longer axial
Cu-O distances. The Cu....Cu distance is found
to be 5.86 Å for KS1.Further details for
crystallographic data KS2 are listed in Table 4.
The bond distances and bond angles are given
Table 5.

The average M-O distances in the equatorial plane
are for KS1 , Cu1- O1 1.947 Å and Cu1-O2 1.967
Å. The M-O distances in the axial plane is 2.48
Å. But for KS2 M-O distances in the equatorial
plane are Cu1- O9 1.922 Å, Cu1- O10 1.946 Å,
Cu1- O12 1.927 Å, Cu1 -O11 1.933 Å, Cu2- O4
1.946 Å, Cu2 -O2 1.948 Å, Cu2- O3 1.949 Å,

Table 4. Crystal data for copper dimalonate [Cu(mal)2( H2O)2 ] [ Cu(mal)( OH)4], KS2,
Diffractometer

Crystal size, mm3

Bruker AXS SMART Apex CCD

0.508 x 0.264 × 0.178

Empirical formula

C6 H9 Cu2 O14

Formula weight

432.23

Crystal system

Orthorhombic

Space group

Pbcn

Unit cell dimensions

a = 14.895(12) Å

Volume, Å

2831(4)

b = 15.005(12) Å

Z

8

c = 12.666(10) Å

Dcal, g cm-3

2.028

F(000)

720.0

3.077

Reflections used

2855

Reflection collected

2320

Parameters refined

204

Reflections with Ι>2σ(I)

1636

R for Ι>2σ(I)

0.0578

R (all data)

0.0809

wR for Ι>2σ(I)

0.1507

R-Factor(%)

z5.78

μ (Mo- Kα), mm

w

-1

1/[\s^2^(Fo^2^)+(0.1133P)^2^+0.0000P]
where P=(Fo^2^+2Fc^2^)/3'’

Goodness-of-fit on F

0.982

Reflection number total

2497

Program

SHELXL-97

CCDC deposition no.

704401
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Table 5. Crystal data for copper dimalonate
[Cu(mal)2( H2O)2 ] [ Cu(mal)( OH)4], KS2,
Bond distances (Å)
Cu1- O9 1.922
Cu1- O12 1.927
Cu1- O11 1.933
Cu1- O10 1.946
Cu1- O8 2.383
Cu2- O4 1.946
Cu2 -O2 1.948
Cu2 -O3 1.949
Cu2 -O1 1.956
Cu2 -O14 2.419
Cu2-O13 2.517
O3 -C3 1.270
O2 -C1 1.283
O4- C4 1.280
O1- C6 1.277
O8- C6 1.251
O11- H11 0.8200
O9 -H9 0.8200
C3 -O6 1.244
C3- C2 1.511
O12- H12 0.8200
O5- C1 1.235
O10- H10 0.8200
C6 -C5 1.505
C1- C2 1.507
O14 -H14 0.8200
O7- C4 1.234
C4- C5 1.512
C5- H5A 0.9700
C5 -H5B 0.9700
C2- H2A 0.9700
C2- H2B 0.9700

Bond angles (° )
O9 -Cu1- O12 90.04
O9- Cu1- O11 174.2
O12- Cu1- O11 89.12
O9 -Cu1- O10 90.44
O12 -Cu1- O10 173.46
O11- Cu1- O10 89.76
O9 -Cu1- O8 95.82
O12- Cu1- O8 91.09
O11- Cu1- O8 89.88
O10 -Cu1- O8 95.35
O4- Cu2- O2 179.22
O4 -Cu2- O3 89.13
O2- Cu2- O3 91.63
O4- Cu2- O1 91.06
O2- Cu2 -O1 88.18
O3- Cu2 -O1 179.32
O4- Cu2- O14 88.25
O2- Cu2- O14 91.91
O3 -Cu2 -O14 91.78
O1- Cu2- O14 88.87
C3 -O3- Cu2 126.5
C1 -O2- Cu2 125.8
C4 -O4 -Cu2 126.0
C6 -O1 -Cu2 125.9
C6 -O8 -Cu1 121.2
Cu1 -O11- H11 109.5
Cu1- O9- H9 109.5
O6 -C3- O3 122.9
O6- C3- C2 117.7
O3 -C3 -C2 119.4
Cu1- O12 -H12 109.5
Cu1- O10- H10 109.5
O8- C6- O1 121.5
O8- C6- C5 118.7
O1- C6- C5 119.7
O5 -C1- O2 121.5
O5 -C1- C2 118.9
O2 -C1- C2 119.5
Cu2- O14- H14 109.5
O7 -C4 -O4 122.9
O7- C4- C5 117.6
O4- C4- C5 119.4
C6- C5 -C4 119.1
C6- C5- H5A 107.5

Crystallographic structure

C4- C5 -H5A 107.5
C6 -C5- H5B 107.5
C4 -C5- H5B 107.5
H5A- C5 -H5B 107.0
C1- C2 -C3 119.8
C1 C2 H2A 107.4
C3 C2 H2A 107.4
C1 C2 H2B 107.4
C3 C2 H2B 107.4
H2A C2 H2B 106.9

Figure14. Crystal structure of
[Cu(mal)2(H2O)(OH)][Cu(mal)(OH)4], KS2
(Stick model)

Figure 15. Single crystal of
[Cu(mal)2(H2O)(OH)][Cu(mal)(OH)4],KS2
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Figure 16. Single crystal (Elipsoid model)of
[Cu(mal)2(H2O)(OH)][Cu(mal)(OH)4], KS2
generated from CIF after opening in mercury(C
gray,Cu cyan, O red,H white)

Figure 17. Single crystal ( Capped stick
model)of
[Cu(mal)2(H2O)(OH)][Cu(mal)(OH)4], KS2
generated from CIF after opening in mercury(C
gray,Cu cyan, O red,H white), View along a
axis
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Figure 19. Single crystal ( Capped stick
model)of
[Cu(mal)2(H2O)(OH)][Cu(mal)(OH)4], KS2
generated from CIF after opening in mercury(C
gray,Cu cyan, O red,H white),View along c
axis.

Figure 20.Powder x-ray diffraction of single
crystal of
[Cu(mal)2(H2O)(OH)][Cu(mal)(OH)4],
KS2generated from CIF after opening in
mercury
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Figure 18. Single crystal (Capped stick
model)of
[Cu(mal)2(H2O)(OH)][Cu(mal)(OH)4], KS2
generated from CIF after opening in mercury(C
gray,Cu cyan, O red,H white),view along b axis
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Figure 21.Powder x-ray diffraction of
[Cu(mal)2(H2O)(OH)][Cu(mal)(OH)4], KS2
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finally, inorganic residue formation. The
dehydroxylation process occurs in the range 100200ºC in a single step, which corresponds to the
loss of five hydroxyl ions . The second (200 500 ºC) step is the pyrolysis of the ligand.
4.0 Conclusion

Figure 22. FTIR spectrum of [Cu
(mal)2(H2O)(OH)][Cu(mal)(OH)4],KS2.

Figure 23. TGA of copper malonate [Cu(mal)2(
H2O)2 ] [ Cu(mal)( OH)4], KS2

The phase purity of the above solid has been
ascertained using PXRD. The PXRD of single
crystal has been generated with submitted CIF (
See CIF No. 704401). The PXRD pattern of
single crystal of KS1 is given in Figure 20. This
pattern matches well with the PXRD pattern of
the bulk material ( Figure 21).
The FTIR spectrum (Figure 22) of KS2 shows a
strong band in the region 426.57-581.35 cm-1 that
can be attributed to ν (Cu–O) vibrations. The
bands at 1300.94-1184.42 cm-1, 1623.03-1437.28
cm-1, 2401.04 cm-1 , 2999.63-2930.69 cm-1 and
3378.42-3585.39 cm-1 are attributed to ν(C-C),
ν(C=O), ν(COOH) ν(C-H) and ν(O-H)
respectively. Thermogravimetric analysis of KS2
(Figure 23) reveals that the decomposition of the
complex occurs in three consecutive steps,
namely, dehydroxylation, ligand pyrolysis and

This work has been an attempt towards the
understanding of the subtle factors that regulate
the organization of solids. By careful selection
of appropriate ligands, we were able to predict
the various combinations possible through
coordination, thereby, controlling the pore size
of the framework solid. The bidentate malonate
ligands resulted in 3D framework structures for
KS1, while the same bidentate ligand produced
discreet complex, which was connected through
weak interactions (H- bonding) resulted into 2D
and 3D structures respectively. Thus presence of
ammonia and N-Cetyl tri methyl ammonium
bromide plays important role in the structure of
abovementioned MOFs during electrochemical
synthesis. The repeating units of [(NH4)2 ( Cu (
mal)2] contains two types of 4+ 2 coordination ,
in which each copper is surrounded by four
oxygen of malonate anion and two oxygen of
water molecules.
It was observed that with the increase in external
potential, the rate of oxidation of metal increased.
The complexation rate increased, with the
formation of powder precipitate. But at an
optimum applied potential, controlled oxidation
of metal electrode took place, resulting in the
formation of soluble metal – ligand complex. On
standing and slow evaporation at room
temperature, fine crystals of the complex were
obtained. We have presented the explanation for
the different morphology on the basis of the
proposed pathway of structural organization by
Ramanan and Whittingham. The solvated metal
ions form the starting point for solid formation.
Subsequently the ligand molecules attach
themselves to the central metal ion, forming a
template for crystal growth. Dehydration on slow
evaporation leads to the formation of the solid.
In the case of malonic acids (weak aliphatic
acids), increase in external potential had no effect
on complexation due to extremely weak
ionization of the ligand molecules. Dramatic
J. Electrochem Soc. India
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change took place when 3.145mmol of liquor
ammonia and N-Cetly tri methyl ammonium
bromide were added. Complexation took place
effectively at12.5 V in both sets of experiment.
By understanding the role of anode, ligand,
applied external potential and content and
concentration of reaction mixture in solid
organization, we believe that the electrochemical
route for MOF synthesis holds lot of promises
for future explorations.
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Abstract
The oxidation of the pyrimidine base, thymine was studied on a glassy carbon electrode (GCE) modified with
an electropolymerised layer of l-glutamic acid (GA) on the surface. An irreversible oxidation peak was observed
for 10 µM thymine at 740 mV with peak current of 5.9 µA in 0.1 MNaOH with square wave voltammetry
(SWV).Chronoamperometry (CA) was used to determine the diffusion coefficient of thymine. The charge
transfer coefficient, as well as the heterogeneous rate constant, of this electrochemical oxidation was
determined making use of linear sweep voltammetry (LSV). The plausible mechanism of electro-oxidation
process on the poly (l-glutamic acid) (pGA)modified electrode is proposed based on the calculated values.
Keywords: charge transfer coefficient, diffusion coefficient, electro-oxidation,heterogeneous rate constant,
thymine.

1. Introduction
The pyrimidine base thymine or 5-methyl uracil
is a major monomer unit of DNA together with
adenine, guanine and cytosine. Any
uncharacteristic change inthe concentration of any
of these nucleotides is an indication of mutation
in the DNA sequence or disease or disruption in
the immune system. Hence the individual
determinat ion of t hese nucleot ides is of
significance [1].Electrochemical methods on
account of their rapid response andcomparatively
simple and reasonably priced instrumentation
have become popular for the determination of a
large variety of target molecules. In addition, the
study of kinetics and mechanisms of reactions
taking place at the electrode – solution interface
is important to understand the controllable
changes in the overpotential, i.e.,the energy of
activation [2]. In this context the kinetics of the
electro-oxidation of thymine on a (pGA) modified
GCE is studied in alkaline medium.
EXPERIMENTAL

Electrochemical measurements were performed
on an electrochemical analyser (CH instruments,
USA) with a conventional three electrode system.
A GCE was used as the working electrode, silver/
silver chloride as the reference electrode and a
platinum wire as the auxiliary electrode. Before
the experiment, the GCE was mechanically
polished with 0.05micron alumina slurry, rinsed
ultrasonically with methanol, 50 % nitric Acid
and water successively to remove the adsorbed
impurities.
GA was polymerized on to the surface of a
cleaned GCE using a procedure reported by Yu
and Chen [3]. The thickness of the pGA layer on
the GCE surface was optimized by studying the
response towards oxidation of 100 µM thymine.
The pGA layer formed from 2 mMGA in PBS
pH 7 by cycling the potential between -800 mV
to 2000 mV for 20 cycles was found to give the
best response (lowest oxidation potential) in 0.1N
NaOH for the electro-oxidation of 100 µM
thymine.

All reagents were of analytical grade and the
solutions prepared in Millipore wat er.
Electrochem
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RESULTS AND DISCUSSION
Electrochemical response
The oxidation of 100 µM Thymine on the pGA
modified GCE(pGA/GCE)took place at 740mV
with peak current 22.2 µA in 0.1M NaOH in
square wave mode.The variation of anodic peak
current for the electro-oxidation with
concentration of thymine was studied using
Square wave voltammetry and was seen that the
relationship between current and concentration
was linear in the range 30 µM to 1000 µM (Figure
1) with a detection limit of 9.2 µM.

Figure 3. Overlay of Chronoamperograms
obtained for the oxidation of 12 mM-24 mM
Thymine. Inset a) plot of I vs t-1/2 b) plot of
slope of I vs t-1/2 against corresponding
concentration of thymine.
Determination of charge transfer coefficient
(α) and number of electrons (n)
For a totally irreversible electrode
process, the relation between peak potential
and half peak potential

[4] is given by,,
1

Figure 1. Overlay of SWV of oxidation of
thymine. Inset shows the calibration graph
Chronoamperometric study
Double step CA was used to determine
the diffusion coefficient of thymine. According
to the Cottrell equation [6],

where α is the charge transfer coefficient and
is the number of electrons involved in the
electrode reaction. For the electro-oxidation of
thymine by LSV the Ep and Ep/2 was obtained as
874 mV and 793 mV respectively so that į was
obtained as 0.588.
For a totally irreversible reaction [5],

5
chronoamperograms were recorded for thymine
concentrations varying from 12 mM to 24 mM
with 1 mM increments. The overlay of the
chronoamperograms obtained for 12 mM, 16mM,
20 mM and 24 mM thymine is shown in Figure3.
The plot of Ip vs t-1/2was recorded at different
concentrations of thymine ranging from 12 mM
to 24 mM and the slope of these curves (figure 3
inset a) were plotted against the corresponding
concentrations. The slope of this curve (figure 3
inset b) was used in the Cottrell equation and the
Diffusion coefficient of thymine on the pGA/
GCE in 0.1M NaOH was calculated to be
1.18×10-5 cms-1.
J. Electrochem Soc. India

2
where
3
For the irreversible oxidation of 50µM thymine
on the pGA/GCE, on varying the scan rate, the
peak potential shifted (Figure 3) according to the
equation,
(R² = 0.9878)

4

Accordingly, using equations 1, 2 and 3, the value
of n was calculated to be 0.9677 ~ 1 and α =
0.6375.
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Figure 2. Overlay of LSV of 50 µM thymine at
scan rates from 0.1 Vs-1 to 1 Vs-1. Inset shows
the plot of Ep vs ln υ
Heterogeneous rate constant
The standard heterogeneous rate constant of an
irreversible reaction [7] is given by
6
The standard potential

was obtained by

extrapolating the plot of

vs υ to υ = 0. From

the values obtained from equation 4,
calculated to be 3.57×10-4cms-1.

was

Mechanism of electro-oxidation
In accordance with the scan rate studies,
the possible mechanism of the one -electron
electro-oxidation can be depicted as shown in the
scheme below.

The kinetics of oxidation of thymine was studied
in 0.1 M NaOH on a pGA/GCE. In square wave
mode the electro-oxidation response was linear
in the concentration range from30 µM to 1000
µM with a detection limit of 9.2 µM. Using
chronoamperometric measurements the diffusion
coefficient of thymine in 0.1 M NaOH was
determined to be 1.18×10-5 cms-1. The charge
transfer coefficient for the irreversible one
electron oxidation of thymine was obtained as
0.6375. The standard heterogeneous rate constant
for this irreversible reaction was determined to
be 3.57 ×10-4cms-1.
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Abstract
The determination of uric acid (UA) is of significance in clinical analysis, as its abnormal concentration in
urine is indicative of gout, kidney stones etc. In the work presented, the electrochemical determination of uric
acid is achieved on a poly (para toluene sulfonic acid) (p-PTSA) modified glassy carbon electrode (GCE). The
experimental conditions for the sensor fabrication were optimised and the application of the fabricated sensor
for the determination of UA in synthetic urine was studied.
Keywords: electrochemical determination, electro-oxidation, poly (p-toluene sulfonic acid) uric acid

1. Introduction
The heterocyclic purine derivative UA, is the
principal oxidation product of purine metabolism
in human beings. It is excreted through urine in a
typical range of 250 mg/dl to 720 mg/dl and in
serum it normally exists in the range 4.1 mg/dl 8.8 mg/dl [1]. The concentration level of UA in
body fluids serves as a biomarker for conditions
like gout, hyperuricemia, Lesch-Nyan disease or
cardiovascular abnormalities [2]. In this context
there is a need for sensitive techniques for the
determination of UA. The solubility of UA in
water is very low but is highly soluble in NaOH.
For this reason, here we describe t he
determinat ion of UA in alkaline medium.
Electrochemical methods are fast techniques
which provide convenient and inexpensive
determinations using miniature instruments [3].
Chemically modified electrodes with conducting
polymers electropolymerised on to the electrode
surface can accelerate electronic transmission
through the electrode surface thereby offering
high sensitivity and selectivity. In addition,
electrochemical polymerisat ion ensures
controllable and homogeneous formation of the
conducting polymer which strongly adheres to the
electrode surface [4].

J. Electrochem Soc. India

In the work presented here, we describe a p-PTSA
modified GCE (p-PTSA/GCE) being used for the
determination of UA in alkaline medium.
EXPERIMENTAL
All the reagents used in the present study were of
analytical grade and were used without any further
purification. All the solutions were made in
Millipore water.
CHI600C electrochemical analyser (CH
Instruments Inc. USA) integrated to a desk top
comput er was used to perform t he
electrochemical experiments. A three electrode
set up with Ag/AgCl reference electrode,
Platinum wire auxiliary electrode and the GCE
(3mm diameter) or p-PTSA/GCE as the working
electrode was employed for the measurements.
Metrohm pH meter was used to measure the pH
of the solutions.
Preparation of p-PTSA/GCE
The GCE was mechanically polished with
alumina slurries of powder size 0.05 µm to a
mirror finish and ultra-sonicated successively in
methanol, 50% nitric acid, acetone and water for
5 minutes each so as to remove any adsorbed
alumina. The electropolymerisation of PTSA on
GCE was performed by a method reported
elsewhere [5]. The cleaned GCE was then
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immersed in a 1 mM solution of PTSA in 0.1 M
NaCl and potential scanned between -2.0 to +2.5
V for 28 segments at 0.1Vs-1. The modified
electrode was washed with Millipore water and
dried in air. Prior to voltammetric measurement,
the electrode was activated by scanning the
potential from -1.0 V to +1.0 V in 0.1 M NaOH
solution.

The thickness of polymer film, best suited
for the determination of UA was optimised by
varying the number of cycles of polymerisation.
The best result in 0.1 M NaOH was obtained
when the number of cycles of polymerisation was
14 and hence further studies were conducted after
the polymerising PTSA over GCE in 14 cycles.

RESULTS AND DISCUSSION

The variation of the oxidation peak parameters
with scan rate (υ) in linear sweep voltammetric
(LSV) mode was used to study the mechanism
of electro-oxidation. The oxidation peak of UA
showed a positive shift with increasing scan rate
pointing to the irreversibility of oxidation process
(Figure 2).

Square wave voltammetric response
A comparison of square wave voltammograms
(SWV) of the bare and modified electrodes
recorded in a solution of 0.1 M NaOH containing
300 µM of UA (Figure 1) shows that the electro
oxidation of UA is catalysed by the PTSA film
on GCE. In the bare GCE, oxidation peak for UA
appear at 28 mV against Ag/AgCl electrode with
peak current 0.743 µA, whereas on p-PTSA
modified electrode the same appears at -108 mV
with peak current 9.52 µA respectively.

Mechanistic study by varying scan rate

Figure 2. Overlay of LSV of 100 µM UA at
scan rates from 50 mVs-1 to 500 mVs-1. Inset
shows the variation of peak current as a
function of square root of scan rate.
Figure 1. SWV response of 300 µM UA on a)
bare GCE and b) p-PTSA/ GCE in 0.1 M
NaOH.
Optimisation of Experimental conditions
The choice of supporting electrolyte is an
experimental parameter that can influence the
electro-oxidation process. The electrochemical
oxidat ion of UA was st udied in 0.1 M
concentration of various supporting electrolytes
such as sulfuric acid, hydrochloric acid, acetate
buffer, citrate buffer, sodium chloride, potassium
chloride, phosphate buffer, NaOH and potassium
hydroxide was studied. The lowest oxidation
potential was obtained for 0.1 M NaOH and hence
it was selected as the supporting electrolyte.

The oxidation peak current was found to vary
linearly with square root of scan rate in the range
50 -500 mVs -1 according to the following
equation, Ip (µA) = + 1.25 + 0.11 υ1/2(mV1/2s-1/2)
[R² = 0.9833], indicative of a diffusion controlled
process [6].
Determination of UA
Square wave voltammetry was used for the
determination of UA. The lower LOD for the
assay was calculated using the following equation
[7].
6
where S is the standard deviation of the lowest
response and b is the slope of the calibration
curve.
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Table 1. Determination of UA in synthetic urine sample
Sample

Synthetic Urine

Uric Acid

Recovery %

Added (µM)

Found (µM)

20

21.5

102.3

40

41.0

102.5

50

50.2

100.2

70

69.9

99.8

100

96.4

96.4

The change in peak current with concentration
(Figure 3) for the electro oxidation of UA was
found to be linear in the range 10 µM to 100 µM
(Ip (µA) = - 1.14 + 0.09 C (µM) [R² = 0.9974])
and in the range 90 µM – 1500 µM (Ip (µA) =
+6.34 + 0.02C (µM) [R² = 0.9941]) The LOD
was calculated to be 3.31 µM.

RSD %

2.46

in basic medium and the sensor was calibrated
for determination of UA in basic medium. The
developed sensor was successfully applied for the
determination of UA in synthetic urine.
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Abstract
Molten salt electrorefining is a key stepin pyroprocessing where the actinides from spent metallic fuel are
separated from fission products using LiCl-KCl as electrolyte at 773 K. Liquid cadmium electrode plays an
important role in the separation scheme where uranium, plutonium along with minor actinides are co-deposited.
The present study is oriented towards the understanding electrode kinetics of U3+|U couple at liquid cadmium
using electrochemical techniques like cyclic voltammetry and DC amperommetry. Anodic stripping voltammetry
was also carried out at cadmium containing uranium to measure the dissolution potential of uranium from
cadmium. Exchange current density of U3+|U couple in cadmium during anodic and cathodic polarization by
Tafel plots at temperature 698-798 K is reported in the present work.
.*: Author for correspondence: B. Prabhakara Reddy, Email: bpreddy@igcar.gov.in,

1. Introduction
Molten salt electrorefining is a high temperature
electrochemical separation process utilizing LiClKCl eutectic as electrolyte at 773 K for the
recovery of uranium, plutonium and minor
actinides. U is electrodeposited at the solid
cathode and U, Pu along with minor actinides at
the liquid Cd cathode [1]. The electrode processes
during electrorefining are governed by three
kinetic parameters; exchange current density,
transfer coefficient and diffusion layer thickness.
The evaluation of these kinetics parameters for
various species is important for modelling the
electrorefining process.The present paper
discusses the estimation of exchange current
density of U3+|U couple at liquid cadmium in the
temperature range 698-773 K.
Experimental
Preparation of electrolyte
The eutectic mixture of LiCl and KCl was
vacuum dried for 120 h at 473 K prior to purifying
it by bubbling chlorine gas at 773 K for 1h. The
purified LiCl-KCl eutectic was stored in the glove
box and it was used for preparation of electrolyte
salt of LiCl-KCl-UCl3. LiCl-KCl-UCl3 was
prepared by equilibrating CdCl2 (99.9%, Alfa
Aesar) with U metal in LiCl-KCl eutectic at 773

K for about 35-40 h. The concentration of U in
the salt was estimated by Davies and Gray method
[2].
Preparation of liq. Cd electrode
Liq. Cd was developed and fabricated in house
which consisted of a SS 430 perforated basket
connected to SS 304 tube and alumina crucible
kept inside it for Cd shots loading. A 1.5 mm Mo
wire insulated by alumina sleeve was kept inside
the alumina crucible passing through SS 304 tube
such that bottom end of Mo wire touched with
Cd pool in alumina crucible and top end was used
for electrical connection. The Cd metal shots was
loaded into the alumina crucible of the electrode
then immersed into LiCl-KCl eutectic at 773 K
and the same repeated until shining surface of
Cd was observed. About 20-22 g of Cd metal was
loaded into alumina crucible. The pieces of
uranium metal (0.37 g) were added into Cd pool
and employed as working electrodes for the
estimation of exchange current density of U3+|U
couple at liq. Cd during anodic polarization. A
typical liq. Cd electrode is shown in Fig 3. The
active electrode area for liq. Cd electrode was
found to be 1.5 cm2.
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This is attributed to the underpotential deposition
at liq. Cd cathode due to the formation of U-Cd
alloys.

Fig.1 Liq. Cd cathode saturated with U metal in
a SS-430 perforated basket
Procedure
A three electrode cell assembly consisting of SS
304 electrochemical vessel and top flange having
provision for inserting the electrodes was used
in present studies. A graphite rode of 8 mm dia.
was used as a counter electrode and Ag|AgCl in
LiCl-KCl used as reference electrode. The empty
electrochemical cell with alumina crucible and
graphite electrode was degassed at 698 K for 4-5
h. The electrochemical cell after assemble of
electrodes and electrolyte salt was heated in a
furnace slowly. The temperature of cell was
controlled by a PID controller and measured by
K-type thermocouple Argon gas was purged
through the cell during the experiment s.
Electrochemical measurements were carried out
using PGSTAT AUTOLAB302N with IF030
interface having GPES4.9 data processing
software.
Results and discussion
Cyclic voltammetry
The cyclic voltammograms of U3+at Mo electrode
and liq. Cd cathodein LiCl-KCl at 773 K are
shown in Fig.2a and 2b, respectively. Two
cat hodic peaks are observed in the
voltammogramat inert Mo electrode; one
corresponding toU4+|U3+couple at -0.35 V and
other corresponding to U3+|U couple at -1.5 V. At
liq. Cd cathode only one peak corresponding
U3+|U-Cd couple at -1.25 V is observed.As can
be seen fromFig 2‘a’ and ‘b’ that there shift in
the cathodic peak potentials for U at liq. Cd
cathode compared to that at inert Mo electrode.
J. Electrochem Soc. India

Fig. 2 (a)

Fig. 2 (b)

Fig.2 Comparison of cyclic voltammograms of
U3+at inert electrode (a)and liq. Cd cathode (b)
in LiCl-KCl eutectic at 773 K.
Polarization measurements
The i-V characteristics at liquid cadmium
electrode were studied using DC amperometry
and the results were analysed using Tafel plot
analysis, which are estimated by using the
following equations for cathodic and anodic
polarization curves, respectively.
ln[ii ]  ln[ii,c ] 

( zi i ) F a
i ,c
RT

(1)

ln[ii ]  ln[ii, a ] 

(1   i ) zi F a
i ,a
RT

(2)

Transfer coefficient of U 3+ |Ucouple at liq.
Cdduring cathodic and anodic polarization was
also estimated. A typical Tafel plot of U3+ at liq.
Cd cathode is shown in Fig. 3. Exchange current
densities and transfer coefficients of U3+ at liq.
Cd during cathodic and anodic polarization are
shown in table 1.
\ S.

Temp.

Cathodic

Anodic

-2

No. (K)

io (mA.cm ) Transfer io(mA.cm-2 )
coefficient
(á)

Transfer
coefficient
(á)

1

698

—-

—-

13.9 ± 1.1

0.89

2

723

—-

—-

19.2 ± 1.0

0.91

3

748

—-

—-

26.1 ± 1.1

0.91

4

773

19.3 ± 1.0

0.09

30.5 ± 1.1

0.92

5

798

—-

—-

33.9 ± 1.0

0.95
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Conclusions
The exchange current density of U3+|U couple at
liquid cadmium electrode in the temperature
range 698-798 K employing LiCl-KCl eutectic
have been determined for the first time.
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Fig.3 Tafel plots of U at liq. Cd at cathodic and
anodic polarizationin molten LiCl-KCl eutectic
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Abstract
On a fateful night during December 2-3, 1984, the worst industrial accident ever happened when water entered
the tank no. 610 containing 42 tons of Methyl Isocyanate (MIC) resulting in a runaway exothermic reaction,
venting out toxic gases into the atmosphere, killing and injuring thousands of people. Ever since the Union
Carbide India Limited (UCIL), an Indian subsidiary of Union Carbide Company (UCC) opened its pesticides
manufacturing plant at Bhopal in the year 1969 to produce Carbaryl under the brand name Sevin, it had a poor
record of compliance to environment and safety norms many times, which is evident from the fact that during
the years 1980 to 1984, there were sixty-seven leakages of MIC occurred at the UCC factory. This does not
only reflect the poor concern towards environment and safety by the industry, but also the negligence and
incompetence of the regulatory authorities. What happened till the disaster might have only been just the
warnings that the industry, authorities and the workers collectively chose to ignore. However, what happened
after the disaster was even fortunate as it showed that we somehow collectively fail to learn even from the
disasters. In between all the blame game and debates on who is responsible, what many people conveniently
forgot was the huge amount of highly toxic and hazardous waste lying around at the abandoned site of UCIL.
The legal battle for clean-up of the site which effectively started in the year 2004 with Activist Alok Pratap
Singh filing a public interest litigation 2802/2004 before the Hon’ble Madhya Pradesh High Court, went on to
become a never ending struggle with action plans and proposals on paper but no change in the ground. With all
these aspects in background, this paper tries to highlight, using the case study of the Bhopal gas tragedy waste
materials, how we tend to forget the root-cause behind any environmental crisis while continuing our political
battle and tries to explain the necessary alternatives.
Keywords: Bhopal Gas Tragedy, UCIL, Bhopal Toxic Waste, Incineration, Waste Disposal, Post-Disaster Plan

1. Introduction
The Union Carbide Company (UCC) opened its
pesticides manufacturing plant at Bhopal in the
year 1969 as an Indian subsidiary Union Carbide
India Limited (UCIL) to produce Carbaryl under
the brand name Sevin (PIL, 2011). From 196984, UCIL mainly produced two other pesticides
along with sevin, that are temik (aldicarb) and
sevidol, which is a formulation of carbaryl and
gammahexaclorocyclohexane (γ-HCH) (CSE,
2013). In the pursuit of higher productivity and
greater yield, this period saw a nationwide surge
in the use of fertilisers and pesticides. Silent
Spring, a 1962 book by Rachel Carson, did spread
some awareness about the ill-effects of the
indiscriminate use of the pesticides. However, for
the nations whose primary goal was to feed their
hungry population, the use of fertilisers and
pesticides seemed inevitable. The environmental
and safety regulations during those times were
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very few and were often dealt with utter
negligence. Same thing happened even in Bhopal.
‘Green Revolution’, characterised by the shift of
manual, organic agriculture that developed over
thousands of years into large scale, chemically
and mechanically supported agriculture, was
initiated in India as well as in many developing
countries during 1960s and 70s. Though Green
Revolution was believed to be a political and
technological breakthrough, that somehow broke
the natural limits, it came with a number of
unforeseen ecological and cultural costs. The
other face of the Green Revolution was very
violent, as Vandana Shiva explains using the
example of Punjab (Shiva, 1991), instead of
abundance, Punjab has been left with diseased
soils, pest-infested crops, waterlogged deserts,
and indebted and discontented farmers. However,
the one thing all will agree upon is that the ‘Green
Revolution’ did increase the demand of pesticides
dramatically and this did become the economic
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rationale behind the construction and expansions
of the Bhopal factory (Hanna, 2007).
However, during its expansion in 1972, the UCC
designers are said to have pointed out that the
solar evaporation pond (SEP), the proposed waste
management system at the UCIL has the risk of
subsurface water pollution (Hanna, 2007). It
should also be noted that the, UCC cut the cost
of construction from $28 million dollars to $20
million dollars, in pursuit of retaining its 50.9%
of stake in the undertaking (Hanna, 2007). In
addition to plant safety which is the responsibility
of its operators, the safety of the city however, is
perceived t o be the responsibility of t he
government . However, the Government
authorities also in this case, were found to have
violated the national laws including those for the
zoning restrictions, to ensuring comparable safety
standards (ibid). Further, as per Eckerman, 2005
UCC had previously violated the environment
and safety norms many times, violating the health
of workers and residents. As an example he
mentions that during the years 1980 to 1984, there
were sixty-seven leakages of MIC occurred at the
UCC factory. These sequences of events
demonstrate that neither the organisation nor the
authorities were serious about the safety and the
environmental concerns. The unfortunate disaster
inevitably happened during the night of December
2-3, 1984 when water entered the tank no. 610
containing 42 tons of Methyl Isocyanate (MIC)
resulting in a runaway exothermic reaction,
venting out toxic gases into the atmosphere,
killing and injuring thousands of people (Kalelkar
and Little, 1988).
1. The Continuing Disaster
The legal battle for the justice by the victims of
the Bhopal tragedy is a long and tedious story in
itself. However after much struggle finally, UCC
acknowledged its moral responsibility for the
tragedy and in a settlement mediated by the Indian
Supreme Court, it agreed to compensate the
victims with $470 million that will be allotted to
the Indian government for distribution into the
claimants as a full and final sett lement
(Broughton, 2005). This figure was arrived after
much deliberations was said to have been based
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on the disputed claim that only 3000 people died
and 102,000 suffered permanent disabilities
(ibid). However, as agreed by many, this
compensation amount is highly inadequate for the
victims themselves leave alone the environmental
clean-up and remediation (Amnesty, 2014).
There has been already a lot of study and debate
on the failure of the industry to avoid the disaster,
Governing body or institutional failure in
authentic checks on industries, legal battle for
compensation, and many more aspects. In
between all these debates, what many people
conveniently forgot was the huge amount of
highly toxic and hazardous waste lying around at
the abandoned site of UCIL. All those years since
1969 to 1984, when the plant was in operation,
the hazardous and toxic wastes produced in the
UCIL factory were being dumped at some
specified areas inside the plant itself such as
outside the solar evaporation pond (SEP) (CSE,
2013). The plant which was closed following the
disaster in 1984 became the silent warden for the
highly toxic waste dumped in an unscientific
manner. Over the years or we can say decades,
this waste left out irresponsibly, has continued to
be a source of land and groundwat er
contamination. A study of over 15 investigations
at the site, which was performed by the by the
Centre for Science and Environment (CSE) in
2013, found that the soil is heavily contaminated
due to the waste where as the groundwater quality
studies show many discrepancies and hence need
a thorough assessment (ibid).
The primary reason behind the disaster itself, as
agreed by many researchers, was storing MIC in
huge quantities above the recommended levels
(PIL, 2011). Yet, the storage of such huge
quantities of hazardous and toxic material has
continues even after the disaster, not for some
days or months but for over three decades now.
There exists a lot of confusion regarding the
volume as well as the constituents of the waste
which has already been excavated and packed by
M/s Ramky Ltd., in 2005, as per the directions of
the Government of Madhya Pradesh. As per the
present consensus, the volume of the packed
waste is about 350 tonnes (CSE, 2013). However,
further studies have suggested that the excavation
J. Electrochem Soc. India
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is incomplete and there may be still more
contaminants lying around the plant (ibid).
In the year 2004 Activist Alok Pratap Singh files
public interest litigation 2802/2004 before the
Honourable Madhya Pradesh High Court
demanding to hold Dow Chemical responsible
for pollution at the site and immediate action for
clean-up (Public Interest Litigation, 2011). The
long struggle for clean-up of the site was hence
started with Hon’ble Madhya Pradesh High Court
directing the Union of India to come with an
elaborate action plan for clean-up. Since 2005,
the Government of India (GOI) considered three
different places in India including Ankaleshwar
in Gujarat, Nagpur in Maharashtra and Pithampur
in Madhya Pradesh for incineration of packed
toxic waste, but could not go ahead because of
the strong opposition by local community. In
2012, a proposal was made by Gesellschaft für
Internationale Zusammenarbeit (GIZ) to airlift the
waste to Germany for incineration but was later
withdrawn. Finally, the incinerator plant at
Pithampur was considered for disposal (CSE,
2013)
These proposals for incinerations at different
places were usually unsuccessful mainly because
of the protests from the local people. As the
protestors at the receiving places rightly assert,
incineration of hazardous and toxic waste, even
with utmost precautions, might releases toxic,
unburned waste and products of incomplete
combustion (PICs) i.e. new chemicals formed
during the incineration process. These
contaminants are perceived to be more harmful
than the original waste (PIL, 2011). Therefore
nobody is ready to take that risk of exposing their
locality to such hazard. However, on August 13
to 17 of 2015, the first trial burning of the waste
war carried out at the Pithampur site of Dhar
district and the stack emission as well as the
ambient air monitoring reports were said to have
been satisfactory (Ranjan, 2015).
2. What Went Wrong?
Though there is so much deliberations on how
and why this disaster happened, there are still
many unanswered questions. Somehow, we might
blame certain set of people for a disaster.
J. Electrochem Soc. India
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However, if we do not learn even from that
disaster and correct our ways, then somehow, it
becomes our collective failure as a society. What
happened with the Bhopal toxic waste is one such
live example where even after the worst ever
industrial disaster the society has not learnt its
lessons. It has been over 31 years since the
disaster occurred and still the waste remains in
the site continuing to pollute the soil, water and
the atmosphere. This has become another one of
the legacies left behind by the disaster, a rather
unavoidable one. Therefore, let us try and assess
what are all the aspects where we went wrong to
have reached to such situation:










Safety should have been the primary priority
for any industrial activity. It has an economic
rationale also. A disaster, however small or
big it may be, will have very bad impact on
the brand image as well as the business of
any company. Trading safet y for cost
reduction, higher productivity or any other
reason will have catastrophic consequences.
The mechanism to regulate the industries in
terms of their safety and environmental
compliances has miserably failed to keep pace
wit h the pace of industrialisation and
development in India throughout the history.
This makes the industries to have an easy way
out rather than to spend all the money and
time required to comply with the regulation.
The policies have time and again proven that
they are insufficient to fulfil the requirements
of adequate environment and safety. With the
advent of newer products, production
processes, and technologies it is very essential
for the law to be adequate to assess and
prevent disasters.
The comprehensive understanding of the
long-term impacts of the policy decisions is
very necessary to avoid the greater risks. The
pursuit of development should not push us
out of the track with such disasters which
pulls back the development by years.
The delay in response to environmental
concerns, post-disaster deteriorated and
makes the remediation, even more difficult.
Sometimes such delays might even result in
irreversible damages to the environment that
could be avoided by the timely response.
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The public part icipation in the waste
management, disaster management and
environmental well-being is very crucial for
exerting the necessary political pressure
required for an efficient management of any
incident. Such participation, if absent, can
result in the bureaucratic channels getting into
an undefined time span for environmental
remediation.
Absence of a comprehensive Post-disaster
plan. Most of the industrial operations have
mechanisms such as monitoring and standard
operating procedure to avoid the disaster.
Many also have a disaster or emergency
response plan for the immediate response
during a disaster. However, very few have a
post-disaster plan and even the ones who have
it do not have a comprehensive one. For
instance, t he schedule of monit oring,
assessing and cleaning up of t he
environmental damages is never included in
these plans. Therefore, a comprehensive
Impact Assessment post –disaster should be
made for all major disaster that should be
done within a specified time after the disaster.
This can further include the extent of damage,
the action plan for remediation and the time
line.

3. Conclusion
The ‘Green Revolution’ started with a noble intent
of eradication of the food scarcity. However noble
is the intent the implementation should be as per
the procedure. Forsaking the basic safety
standards in pursuit of higher productivity or cost
reduction will have catastrophic consequences.
However, what is even more disturbing is that
our society does not learn from its mistake even
after such a huge disaster. The toxic waste of the
plant, left abandoned ever since December 1984,
has continued to contaminate the local soil and
water in and around the plant area for over 3
decades now. This demonstrates the tendency of
our society to forget the root-cause behind any
environmental crisis while continuing our
political battle. Therefore having a compulsory,
binding, post-disaster plan that will unfold itself
immediately after the disaster, no matter what the
circumstance is, can be the best option to address

such concerns and avoid irreversible damages.
Such plans can include the post- disaster response
in terms of immediate safety, environmental
restoration, scientific waste management,
comprehensive impact assessment and so on.
Further, public participation in responsible
environmental restoration is also very necessary
for effective management of the post disaster
environmental crisis.
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Abstract
The influence of condensation product (CP1) of 2-methyl-5-nitroaniline and salicylaldehyde on Zn-Mn alloy
electrodeposited onto mild steel was studied in acidic sulphate bath. The bath constituents were optimized
through Hull-cell experiments. The morphology and composition of the deposits depends on the current density,
temperature, bath composition and additive concentration. The results showed that the additives modifies the
structure and surface morphology of the deposit to a greater extent. The operating parameters such as pH,
temperature and current density were also optimized. The current efficiency and throwing power were measured
at different current densities. Polarization study was carriedout under galvastatic conditions. The consumption
of brightener was determined in the laboratory scale. SEM photomicrographs revealed the fine-grained structure
of the deposit. The deposited phases were analyzed by X-ray diffraction method. The IR spectrum of the
scraped deposit confirmed the inclusion of addition agent into the deposit.
Key words: Condensation product, Hull-cell studies, Manganese sulphate, Sulphate bath, Zinc sulphate

1. Introduction
Electrodeposited zinc coatings are widely used
for the protection of steel structures. Many studies
have been undertaken in order to improve the
durability of zinc coatings.[1-3] Various Zn-based
alloys Zn-Ni, Zn-Co and Zn-Fe are currently used
in industry. Several authors, [4-6] have also
investigated the Zn-Mn alloys. In review article,
Wilcox reported [7-8] the results obtained by several
corrosion studies and concluded that the corrosion
resistance in laboratory chloride environments is
superior to zinc and other zinc alloys. The ability
of Zn-Mn alloys to resist atmospheric corrosion
was test ed [9] who reported a significant
improvement of their Zn-Mn alloy in a marine
atmosphere in comparison with Zn or other Zn
alloys. Several studies have shown that the
coatings composed of e-Zn-Mn the phase ensured
the best protection ability. [10,11]
Zinc alloy deposition has been interest recently
since these alloys provide better corrosion
protection than pure zinc coating.[12,13] It is known,
in particular that the mechanical, physical and

electrochemical properties can be improved by
alloying zinc with manganese.
Gabe and coworkers have reported that Zn-Mn
alloy with a manganese content of approximately
30% shows the highest corrosion resistant. This
highest corrosion resistance is associated with
monophasic structure of the coating.[14] Studied
the influence of bath composition on the corrosion
behavior of Zn-Mn coating and reported that
alloys with manganese contents around 11% had
high corrosion resistance due to their monophasic
structure.
In the present work, efforts have been made to
develop a bath solution containing a single
addition agent, which is easily soluble in water
and increases the deposition potential. It is known
that the condensation product of aldehydes and
amines are good brighteners than single aldehydes
or amines in the bath solution. This may be due
to the presence of electroactive >C = N group in
the molecule. Various amines and aldehydes were
subjected to condensation reaction [15,16] and used
as addition agent in basic zinc sulphate bath.
Among these, the condensation product formed
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between 2-methyl-5-nit ro aniline and
salicylaldehyde is found to be an addition agent
effective addition agent for getting good deposit.
2. Experimental
The chemicals used were of AR grade and easily
soluble in water. For the preparation of solution
distilled water was used. All the experiments were
carried out at room temperature. The pH of the
solution was maintained and adjusted by dil
sulfuric acid or sodium carbonate solution. Zinc
metal plate of 99.99% was used as Anode and
polished steel specimen was used as cathode
The Hull-cell experiments with the bath solutions
were carried out at 2 A cell current for 10 min,
given in table.1. The total volume of Hull-cell
was 267 mL with an anode dimension 6 cm ´ 6.5
cm (zinc metal). The anode was activated each
time by immersing in 10% HCl followed by water
wash. The cathode dimension 10 cm ´ 7.5 cm
(mild steel) of standard Hull-cell size were
mechanically polished to obtained smooth surface
and degreased by dipping in boiling
trichloroethylene. The scales and dust on steel
plates were removed by dipping in 10% HCl
solution.
Table 1. Basic bath composition and
operating condition
Bath
composition

Quantity
(gL-1 )

Operating
conditions

ZnSO4×7H2O

200

Anode: zinc
metal (99.99%)

MnSO4×H2O

8

pH: 3. Plating
time: 10 min

Na2SO4

60

Cathode: mild
steel

H3BO3

16

Temperature:
293-303 K

CTAB

2

All the experiments were conducted at 303 K. A
known amount of condensation product was
added to the plating bath; the bath solution was
stirred for 30 min and then used for Hull-cell
experiments. Condensation product was
synthesized from equimolar amounts of 2-methyl5-nitroaniline (1 g) with chemical formula,
C7H8N2O2 and salicylaldehyde (0.70 mL) with
chemical formula, C7H6O2 in ethanol and acetic
acid medium (20 + 20 mL), under reflux
conditions for 3 h at 343 K. The completion of
the reaction was tested with TLC. The resulting
dark red product was diluted to 100 mL with
distilled water and a known amount of this
solution was added to the electroplating bath
solution.
Polarization studies were carried out by using a
three compartment cell. The area of zinc anode
was 2 cm2. Mild steel was used as cathode with
an exposed area of 2 cm2. The cathode potential
was recorded galvanstatically with respect to
saturated calomel electrode, at different current
densities.
Haring and Blum cell was used to measure the
throwing power of the bath solution and a
rectangular methacrylate cell was used to measure
current efficiency. For throwing power
measurement the current distribution ratio
between anode and cathode was 1:5. For
determining consumption of brightener, a
rectangular cell of 2.5 mL capacity was used.
IR spectrum the scraped deposit was taken to
ascertain the inclusion of addition agents. SEM
photomicrographs were taken to ascertain the
nature of deposit in the presence of addition
agents.
CH3
H

N

Cell current: 2 A

Then these steel plates were washed with water
and used for the experiments as such. After the
plating experiment, the plates were subjected to
bright dip in 1% nitric acid for 2-5 sec followed
by water wash. The nature and appearance of zinc
deposit was carefully studied and recorded
through the Hull-cell codes (Figure (a)).
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gL-1

mLL-1

gL-1

gL-1

Key

0.5

40

2

30

Bright

1.0

80

4

40

Semi Bright

1.5

120

6

50

Dull

2.0

160

8

60

Burnt

2.5

200

10

70

(a)

(b)

gL-1

(d)

(e)

pH

4
8

(c)

1.5
gL-1

2.0

1
12

Temp (K)

Current (A)

298

1

303

2

313

3

2.5
2

16

3.0
3

20

3.5

(f)
(g)
(h)
(i)
(i)
Figure 1 : Hull-cell figures (a) key (b) CP1 (c) ZnSO4 (d) MnSO4 (e) Na2SO4 (f) H3BO3
(g) CTAB (h) pH (i) temperature (j) cell current.
3. Results and Discussion
3.1 Hull Cell Studies
3.1a Effect of condensation product
The Hull cell experiments with basic bath solution
containing zinc sulphate, sodium sulphate, boric
acid and CTAB gave coarse dull deposit between
the current density range of 1 and 6 A dm-2. To
improve the nature of the deposit condensation
product formed between 2-methyl 5-nitroaniline
(AR Grade sd. Fine chemicals) and
salicylaldehyde (AR Grade sd Fine chemicals)
was added to the bath solution. The condensation
product was prepared by mixing 1g of 2-methyl5-nitro aniline and 0.70 mL of salicylaldehyde in
water (ethanol and acetic acid mixture) and the

resultant solution was refluxed for 3 h at 343 K.
The resulting dark red product was diluted to 100
mL with distilled water and a known amount of
this solution was added to the basic bath solution.
At lower concentration of the condensation
product, the deposit was semi- bright between
the current density range of 1 and 6 A dm-2 at low
current density region dull and at high current
density region burnt deposit was obtained. With
increase in the concentration, the nature of deposit
was improved and at a concentration of 8 mL of
the condensation product given in table.2 the
Hull-cell panels were bright between the current
density range 1 and 8 A dm-2. Further increase in
the concentration of condensation product the
bath gave dull deposit in the high current density
region. Based on t he above result s, t he
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concentration of condensation product was kept
at 8 mL as optimum (Figure 1 (b)).
Table 2. Optimum bath composition and operating
conditions
Bath
composition

Quantity
(gL-1 )

Operating
condition

ZnSO4×7H2O

200

Anode: zinc
metal (99.99%)

MnSO4×H2O

8

pH: 3.0 Plating
time: 10 min

Na2SO4

60

Cathode: mild
steel

H3BO3

16

Temperature:
293-303 K

CTAB

2

Cell current: 2 A

Optimum
concentration
of (CP1)(mLL-1)

8

3.1b Effect of zinc sulphate
To find out the effect of zinc met al ion
concentration, zinc sulphate concentration was
varied from 40-240 g at lower concentration of
zinc sulphate bright deposit was observed in the
current density region 0.5 and 3 A dm-2. At low
current density region uncoated and at high
current density region burnt deposits were
obtained. With increase in the concentration of
zinc sulphate the brightness was extended to
lower and higher current density regions. At
concentration of 200 gL-1 satisfactory bright
deposit was obtained in the current density range
1-8 A dm-2 . With further increase in the
concentration of zinc sulphate no improvement
in the nature of the deposit was observed. The
concentration of zinc sulphate was fixed at 200
gL-1 as optimum (Figure 1(c)).
3.1c Effect of manganese sulphate
The manganese sulphate concentration was
varied from 2 to 12 gL-1 by keeping zinc sulphate
at 200 gL-1 sodium sulphates at 60 gL-1 Boric acid
at 16 gL-1 and CTAB 2 gL-1 respectively. At lower
concentration of manganese sulphate bright
deposit was observed in the current density range
between 1 and 8 A dm-2. At low current density
J. Electrochem Soc. India
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region uncoated and at high current density region
burnt deposits were obtained. With increase in
the concentration of manganese sulphate the
brightness range was extended to lower and
higher current density regions. At a concentration
of 8 gL-1 satisfactory bright deposit was obtained
in the current density range 1-8 A dm-2. With
further increase in the concentrat ion of
manganese sulphate no improvement in the nature
of deposit was observed. The concentration of
manganese sulphate was fixed at 8 gL-1 in bath
solution (Figure 1(d)).
3.1d Effect of sodium sulphate
Sodium sulphate was added to increase the
conductivity of the bath solution. The Hull-cell
patterns showing the effect sodium sulphate are
shown in (Figure 1(e)) the concentration of
sodium sulphate was varied from 30-80 gL-1 at
lower concentrations, the Hull-cell panels suffer
burnt deposit at high current density region and
dull at low current density region. The burnt and
dull deposits were found to be reduced and at 60
gL-1 of sodium sulphate in the bath solution, the
deposit was bright in the current density range 18 A dm-2. Further increase in the concentration
of sodium sulphate had no effect on the nature of
the deposition. Therefore the concentration of
sodium sulphate was fixed at 60 gL-1 in the bath
solution (Figure 1(e)).
3.1e Effect of boric acid
A boric acid buffer solution will maintain a pH
range of 8-10, the addition of boric acid to the
electroplating bath is to control the variation of
H+ ion concentration in the bath solution. The
concentration of boric acid was varied from 4-24
gL-1 keeping the concentration of zinc sulphate
and sodium sulphate at 200 gL-1 and 60 gL-1
respectively. Lower concentration of boric acid
(4-8 gL-1) gave bright deposit at low current
density region. Higher concentration of boric acid
gave mirror bright deposit in the current density
range 0.5-8 A dm-2. The concentration of boric
acid was fixed at 16 gL-1 as optimum in the bath
solution (Figure 1(f))
3.1f Effect of CTAB
The concentration of CTAB was varied from 14 gL-1 At low concentration of CTAB, the nature
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3.1g Effect of pH
The solution was varied from 2 to 5, at lower pH
between 2-2.5 the Hull-cell patterns showed an
uncoated area in the low current density region.
At pH 3.0 satisfactory bright deposit was obtained
in the current density range 1-8 A dm-2. With an
increase in pH above 3.0 no deposit was noticed
in the low current density region. By these
observations the pH of the bath solution was fixed
at 3.0. The effect of pH on the deposit nature is
shown in (Figure 1(h)).
3.1h Effect of temperature
To see the effect of temperature on Hull-cell
experiments, the plating experiments were carried
out in a thermostat. The temperature of thermostat
was varied from 293-323 K. The deposition was
bright in the current density range between 1 and
8 A dm-2 at 2 A cell current at a temperature less
than 303 K. Above 303 K the deposition was dull
in low current density range. So the optimum
temperature range was 293-303 K (Figure 1(i))
3.1i Effect of cell current
The Hull-cell experiments were carried out at
different cell currents (1-3 A) for 10 min using
optimum bath solution. The Hull-cell patterns are
shown in (Figure (j)). It was found that at a cell
current of 1 A, the deposit was bright in the
current range of 0.5-4 A dm-2. At a cell current of
2 A, the deposit was bright in the current density
range of 1-8A dm-2. At cell current of 3 A, the
Hull cell panels showed burnt deposit at higher
current density regions. This observation revealed
that the bath gave bright deposit in the current
density range 1-8 A dm-2 at 2 A cell current in the

current density range 1-8 A dm-2 as shown in
(Figure 1(l))
3.1j Polarization studies
The potential of the steel cathode was measured
galvanostatically with respect to saturated
calomel electrode (SCE) at different current
densities. The variation of potential in the
presence of different bath constituents is as shown
in (Figure (2)). The shift in cathodic potential
towards negative direction was observed in
presence of addition agents. This could be
attributed to the formation of more stable
electrical double layer by the condensation
product.

1000

a
800

-2

of the deposit was observed in the current
density range between 1 and 6 A dm-2. In the
low current density region, dull and at high
current density region burnt deposits were
obtained. With increase in the concentration of
CTAB from 1-2 gL-1 satisfactory bright deposit
was obtained in the current density range of 1-8
A dm-2 at 2 A cell current. With increase in the
concentration above 2 gL-1 no change in the
nature of the deposit was observed. Therefore
the concentration of CTAB was fixed at 2 gL-1 as
optimum in the bath solution (Figure 1(g)).
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Figure 2 : Effect of addition agents on
cathodic potential ( a) ZnSO4 +MnSO4
+NaSO4 +H3BO3 ( BB) (b) BB+CTAB (c)
BB+CTAB+ CP1.
3.1k Current efficiency and throwing power
Current efficiency and throwing power were
measured at different current densities by using
optimized bath solution. At 1.0 A dm-2, the current
efficiency was found to be 70%, and at a current
density of 2 A dm-2 the current efficiency was
found to be 73%. With increase in current density
above 4 A dm-2, the current efficiency was found
to be decreased.
Throwing power was measured by using Haring
and Blum cell at different current densities. At
low current densities, the throwing power was
18% and with increase in the current densities it
was increased to 25%. As shown in (Table (3)).
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Table 3. Current efficiency and throwing power at
different current densities
Current
density (Adm- 2 )

Current
efficiency (%)

Throwing
power (%)

1

70

18

2

73

19

3

77

21

4

91

23

5

81

25

3.1l Surface morphology and IR studies
The nature of crystal growth in the presence and
absence of addition agents is explained with the
help of SEM photomicrographs (JEOL-JSM-35
LF). SEM photomicrograph of the deposit
obtained from the basic bath shows coarse grained
deposit having irregular crystal size. In presence
of CTAB, the grain size is smaller (~40 nm)
indicating a modification in the rate of crystal
growth. It is also noteworthy to mention that the
porous free nature of the coating is due to the
smaller grain size. The change in morphology
could be attributed to a strong blocking effect of
the cationic surfactant which causes an increased
nuclei renewal rates leading to an increase in
nucleation number and hence smaller grain size.
The SEM photomicrograph of the deposit
obtained from the optimum bath shows perfect
crystal growth, uniform arrangement of crystals,
refinement in crystal size and hence bright
deposit. The average grain size of the deposit is
~30 nm (Figure (3)).

A

Figure 3 : SEM photomicrographs of the
deposits obtained in the presence and absence
of addition agents at 298 K ; (a) Basic bath
(BB), (b) BB + CTAB, (c) BB + CTAB +
CP1, (d) Optimized bath.
The IR spectrum of scraped deposit obtained
from the optimum bath was used to test the
inclusion of addition agent in the deposit. IR
spectrum shows an absorption peak at 1629.6 cmJ. Electrochem Soc. India
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1

which corresponds to >C=N- group of
condensation product. This confirmed the
inclusion of condensation product in the deposit
during electrode position. The molecules of
brightner are preperentially adsorbed on the peak of
dendritic growth sites on the cathode surface,
preventing further growth of their peaks, leading
to a smoother surface. (Figure (4)) shows the IR
spectrum of the scraped deposit.

Table 5. Parameters derived from XRD data. In
deposit from optimized bath
Deposit 2

Average ‘d’ spacing hkl
crystal
size (nm)

Zn-Mn

31.69

26.67

2.8211

(0 0 2)

36.30

21.28

2.4727

(1 0 0)

38.97

26.19

2.3092

(1 0 1)

43.21

24.76

2.0919

(1 0 2)

54.33

20.29

1.6871

(1 0 3)

70.13

35.40

1.3407

(1 1 2)

82.05

17.02

1.3333

(2 0 1)

Figure 4 : IR spectrum of scraped Zn-Mn alloy
deposit.
3.2 X-ray diffraction studies
The crystal structures of the Zinc coatings with
and without additives were investigated by using
X-ray diffraction technique. The 2q values of the
sample match with the standard JCPDS file. The
crystalline size was determined from the full
width at half maximum of the X-ray peaks present
on the diffract gram and corresponding results
are given in table 4 and 5, (Figure (5 & 6)).

Figure 5 : X-ray diffraction pattern of zinc
obtained from basic bath.

Table 4. Parameters derived from XRD data, In
deposit from basic bath
Deposit 2q

Average ‘d’ spacing hkl
crystal
size (nm)

Zn

36.30

32.26

2.4727

(0 0 2)

39.01

31.26

2.3069

(1 0 0)

43.24

30.29

2.0905

(1 0 1)

54.34

29.17

1.6868

(1 0 2)

70.05

39.26

1.3421

(1 0 3)

82.07

49.65

1.1732

(1 1 2)

86.53

51.44

1.1238

(2 0 1)

Figure 6 : X-ray diffraction pattern for Zn-Mn
alloy obtained from optimum bath.
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4. Conclusion
In the present work Zn-Mn alloy deposit has
been obtained from sulphate bath at different
current densities. The performance of bath
solution towards alloy coating was established
from the results of polarisation, current efficiency
and throwing power. The IR spectrum revealed
the inclusion of additive in the deposit. The SEM
images indicated that the deposit obtained from
the optimum bath has got perfect crystal growth,
uniform arrangement of crystals, refinement in
crystal size and hence resulted in the bright
deposit. The deposits were analyzed by X-ray
diffraction method. The addition agents are nontoxic, easily soluble in water and hence require
no treatment the effluent. The bath could be easily
scale up to pilot electroplating.
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Abstract

In this article Electrochemical Etch Stop (ECE) technique is employed in comparison with the standard
timed etch technique to etch the silicon wafer. The experiment is conducted using 6” double sided polished
silicon wafer and standard CMOS steps are ollowed for the fabrication. Instead of using implantation
process for electrical contacts which induces defects and stresses, etching and metal patterning is carried
out to get the desired contacts. Experimental results for diaphragm thickness of 10¼m achieved by both
techniques are studied. Compared to timed etch, tolerances achieved in ECE technique is better than 3¼m
with good uniformity and yield. Further simulation study using T-CAD (Technology-CAD) tools is also
presented in this article for optimum dose selection in creating ohmic contact for ECE technique.
Keywords: Electro-chemical etch stop (ECE), epitaxial wafer, micromachining, etching, T-CAD

1. Introduction
Bulk micromachining is the technique employed
for the removal of significant amount of bulk
substrate to create various MEMS structures
based on diaphragm [1]. The miniaturization of
these devices necessitate the requirements of
dimensional control of micro-machined
components such as membranes, cantilever
beams, pressure sensor membranes etc. Instead
of dry technique wet chemical etching is used in
single crystal silicon structure to have better
selectivity, faster etching rat es and cost
effectiveness[2]. Chemical wet etching can be
further subdivided into two parts: isotropic and
anisotropic wet etching to create membranes.
Isotropic etching using the etchant such as HNA
uniformly etches the silicon substrate in all
directions i.e lateral etch rate is same as the
vertical etch rate whereas anisotropic etching
usesalkali solvents which are dependent on the
crystallographic orientation of the silicon
substrate,such as potassium hydroxide (KOH),
ethylene diaminepyrocatechol (EDP), tetramethylammonium hydroxide(TMAH) etc . This
inherent property of silicon helps in realization
of complex shapes as different crystallographic
directions of silicon exhibited different etch rates
for above etchants. Compared to other chemicals

KOH is preferred choice due to non-toxicity;
faster etch rates and cheaper alternative.
The major drawback in wet chemical etching
technique is the control of etching process and
uniform etch depth across the wafer. Standard wet
et ching technique employing KOH have
thickness variation upto 10%. This has the
detrimental effect in the realization of the pressure
sensor membranes as sensitivity of the device
varies as the square (for piezo-resistive sensor)
or cube (for capacitive sensor) for the desired
diaphragm thickness. The challenge in wet
chemical etching is to have proper etch stop
technique forachieving precise membrane
thickness. To overcome t he limitation of
uncontrolled etching process and non-uniform
etch depths across the wafer, generally three
techniques are used: dopant etch stop, electrochemical etch stop and dielectric etch stop [3].The
major advantage of these techniques is that depth
accuracy is still higher but the tolerance of the
intended feature becomes independent of the
etched thickness. Dopant etch stop technique is
based on ion-implantation whereas a thin highly
doped surface layer is formed acting as etch stop.
The major limitation of this technique is the
introduction of slip planes and stresses which are
due to high concentration of impurities. Similarly
dielectric etch stop technique employs SOI wafer
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which are very expensive. Another etch stop
technique is based on the p-n junction, biased by
the voltage to achieve the depth control [3, 4].
Due to p-n junction formation in the initial etch
stage, flow of current is blocked due to junction
effect. As soon as one of the layers is etched, the
oxidation takes place and etching stops. In this
article both timed etch technique and ECE
techniques are employed to etch the silicon wafer
and experimental results are compared. 6” double
sided polished silicon wafer is used for the
experiments and standard CMOS steps are
employed for t he fabricat ion. Diaphragm
thickness of 10¼m is targeted with the timed etch
and ECE technique. Comparison of results in
terms of depth and uniformity is carried out.
Further, simulation study is carried out using
TCAD (Technology-CAD)software MEDICI, to
find out optimum dose selection for creating
ohmic contacts for ECE technique.
Electro Chemical Etch Stop Technique (ECE)
ECE technique is the combination of etching
technique utilizing anodic passivat ion
characteristics of silicon by creating a reverse bias
p-n junction. Epitaxial wafer (6”) is used wherein
positive voltage is applied directly to the n-type
(front-side) and electrical contact to the p-type
substrate (back-side) is established with the etch
solution.Simple 4-point resistivity measurement
is carried out to ensure the n- or p-type surfaces
of the wafer. A voltage bias on an n-type epitaxial
layer is employed to stop the dissolution of the
p-type silicon substrate at the n-type epitaxial
layer. This technique has the advantage of
retaining all the anisotropic etching characteristics
of KOH without the need for a buried p+ layer
[4]. Due to sufficiently anodic biases, silicon
passivizes as a result of anodic oxide formation
and results in cessation of etching. Since the
majority of the potential drop is across the
reverse-biased p-n junction, the p-type silicon
remains essentially at open circuit potential
(OCP) and etches. However, with the complete
removal of the p-type silicon, the diode is
destroyed and the n-type silicon becomes directly
exposed to the etch solution. The positive
potential applied to the n-type silicon then
passivizes it and etching terminates. In the present
J. Electrochem Soc. India
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study, 3-terminal topology is used to etch the
silicon. In the three terminal ECE stop technique
as shown in Fig. 1, the 3 electrodes are defined
as follows:
1. Metallic thin film deposited on the etched
substrate (WE: Wafer Electrode) — a positive
voltage is applied directly to the n-type silicon

Fig. 1. Three-electrode system for etch-stop
2. Current/Counter electrode (CE) — the
electrical contact to the p-type silicon is
accomplished via the etch solution
3. Reference Electrode (RE) — to stabilize the
potential of etchant
The bias voltage should be anodic than the
oxidation formation potential (OFP) of the n type
Si layer should obey,
VOFPn <Vbias

Etching continues until the boundary of p-n
junction. As the junction is reached, the reverse
biased diode ceases to exist and current flows
resulting in formation of anodic oxide on the ntype surface[5-6]. Thus, oxide passivizes the
remaining Si after which the current reduces to a
small passivation current. Observation of the peak
in current just before the passivation indicates
detection of the etch stop.
Experimental Details
In this work, etching is carried out by both,
standard timed-etch and ECE technique in KOH
bath with cont rolled t emperature and
concentration.As KOH is used for etching silicon,
so patterning is carried out after the deposition
of standard stack of oxide and nitride. Nitride is
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deposited with the optimized recipe by tweaking
pressure, power and gas flow to achieve <6% nonuniformity.
Timed etch process
Timed etching was carried out on the single side
polished n type Si wafer for a target thickness
of10¼m. The temperature of the KOH bath
(40%conc.) was maintained at 80°C. The
thickness of Si was measured periodically and
subsequent constant etch rate was ensured. The
remaining time required for etching was
calculated accordingly for which the jig holding
the wafer was immersed.

Observations and Results
Timed etch process
The 6’’ wafer (675¼m thickness) is used and after
timed-etch process, cavity depth at the major flat
is measured to be 663¼mand that at the centre is
measured as 661¼m; i.e. diaphragm thickness of
12¼m was achieved near the major flat and 14¼m
was achieved at the centre. A standard deviation
of 3.16¼m is observed.
ECE process

ECE process
6” epi silicon wafer is used for the experiments
and standard CMOS steps are employed for the
fabrication. Selective etching and sputtered
aluminium is used on n-side of epitaxial wafer to
get the desired contacts. Fig. 2 (a) shows the
cross-section of the wafer after fabrication
process.
The wafer is mounted on the jig and immersed
into the etchant bath. Potential is applied to the
wafer by sweeping DC voltage from -5Vto +5V
and plotting the I-V characteristics. The ECE stop
carried out at a reverse bias voltage of 1.5V as
this value is higher than OFP of n- type Si at the
given temperature. Peak current was observed
indicating the complete etching away of psubstrate. The wafer was removed from the KOH
bath and depth was measured using optical
techniques. Fig. 2 (b) shows the cross-section of
the wafer after etching process.

(a)

Fig. 3 Points on DSP wafer where cavity depth
measurements were done
A low reverse bias value of 1.5V was selected
for ECE stop such that leakage currents were less,
while the bias remained anodic of passivation
potential. The value of current was 20.3mA
approx. at this bias. After total etching duration
of 379 minutes a peak of 160mA in the current
was observed. The standard deviation in thickness
achieved is 1.84¼m varying from 10-13um. The
measurement points are shown in Fig. 3.
Fig. 4 shows the microscopic image of the cavity
with Oxide and Nitride layer walls.

(b)

Fig. 2 a) Cross section of epi-wafer after
fabrication (cavity and Aluminium contacts) ;
b) Cavity on DSP wafer after etching (Not to
scale)

Fig. 4 Silicon diaphragm surface: microscopic
image of the cavity
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Discussions

nclusion

The standard deviation in thickness of 1.84¼m
achieved by ECE is an improvement over that of
3.16¼m achieved by timed-etch. In case of a poor
p-n junction and presence of leakage currents, 4
electrode Electro chemical etch stop technique
can be employed in which a fourth electrode is
introduced such that the substrate is maintained
at Open Circuit Potential and gets etched
completely.

An experimental procedure was designed and
carried out for conducting an ECE stop trial. Etch
samples were fabricated and etched. The bias
voltage for ECE stop, according to etching
conditions of our trial, was fixed to 1.5V,
determined by leaving a margin to the anodic
passivation voltage found in literature. A timed
etch was also carried out simultaneously on a
single-side polished n type wafer for achieving
the same target diaphragm thickness. It was
observed that ECE-stop technique performed
better with smaller variations in the target
thickness. It was concluded that an ohmic Al-n
contact would yield better results. Simulations
on MEDICI (T-cad tool) were carried out to find
the doping level required to make an ohmic Al
contact.

It was concluded that much better uniformity can
be achieved by forming Ohmic contact between
Aluminium and the n- type epilayer, for which
the n-type Si has to be highly doped (n+ layer) to
make the contact act as a resistance instead of a
rectifying Schottky diode.
Simulations were carried out in MEDICI-TCAD
software, to analyse the nature of the contact
formed between Aluminium and the n-epi layer
with changing doping concentration and its
effects on the diode’s characteristics.As the
concentration is increased, we see that the current
through the junction increases and becomes more
linear in the I-V plot i.e. ohmic. In Fig.5, it is
observed that on increasing doping to 5E18cm-3
characteristics approaches perfect linearity
(ohmic) in the operating voltage range.
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An electrochemical and theoretical evaluation of
Polysorbate -40 as corrosion inhibitor of mild steel in
sulphuric acid
Dr. Anta K yadav
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Abstract
Corrosion, an ongoing concern for industry, may cause reduced service life or directly impact the cost efficiency
of the manufacturing process. Corrosion inhibitors can be used to prevent these problems. The corrosion
inhibition effectiveness of Polysorbate - 40 on mild steel in 1 N H2SO4 was probed by using means of
electrochemical methods and surface analysis. The electrochemical impedance and potentiostatic calculations
were done at various concentrations and temperatures. The data obtained showed that the inhibition efficiency
increased with increase in the concentration of Polysorbate -40 and increased with increase in the temperature
with the highest efficiency being 88.6%. Tafel polarization studies reveal that it acts as an efficient mixed type
inhibitor. The temperature kinetics studies indicate monolayer adsorption of the inhibitor on the mild steel
surface. The activation parameters governing adsorption show that the inhibitor is physically adsorbed. FTIR
spectroscopy reveals the possible binding sites of polymer during adsorption on metal surface. The surface
images recorded from Scanning Electron Microscope and Quantum chemical parameters such as highest
occupied molecular orbital energy (EHOMO), lowest unoccupied molecular orbital energy (ELUMO), energy
gap (”E), dipole moment (¼) etc. have been found to supplement the results obtained from electrochemical
measurements.
Keywords: Corrosion Inhibition, Polysorbate 40, Potentiodynamic and Potentiostatic Polarization;
Electrochemical Impedance, Temperature Kinetics, Quantum Chemical Calculations; Surface Morphological
Studies

1. Introduction
Polymers have a wide range of applications that
far exceeds that of any other class of material
available to man. Because of their high molecular
weight, polymers have fascinated corrosion
chemists to use them as corrosion inhibitor(1-9).
In the present study, Polysorbate -40 is a polymer
which enhanced the efficiency of the polymer
solution as a corrosion inhibitor to a great extent.
The improved inhibition efficiency is because of
the following reasons.
a) Larger molecular area and weight which
allows better absorption of the polymeric film
on the surface of the metal.
b) The polymeric chain can displace the water
molecules from the metal surface thereby
lowering the entropy of the system.
c) The polymer has a multiple bonding sites
which makes the desorption of the polymer a
slow process leading to a stronger and
effective polymeric film on the surface of the
metal.

d) The polymers having cyclic rings and
heteroatoms which have active centers of
absorption and hence show better inhibitive
properties.
2. Experimental
Electrode
Square (1cm x 1cm) mild steel samples were
prepared by means of a polishing /emery papers
of different grades i.e. 100, 320, 600 and 1000,
degreased with acetone, rinsed and sonnicated
with distilled water prior to immersion in the
polarization cell..
Polysorabate-40 was prepared at three different
concentrations (v/v) of 0.25%, 0.5% and 1%.
PotentiodynamicPolarization Studies
For electrochemical measurements, the cell used
is a conventional three electrodes assembly in
which platinum act as the counter electrode (CE),
Saturated Calomel Electrode (SCE) as references
electrode (RE) to which all potentials are referred
and pre-fabricated mild steel coupon as Working
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Electrode (WE).The potential of the metal
electrode Vs saturated calomel electrode was
measured with the help of a galvanostat having
the range of 10mA to 100mA.For each run, a
freshly prepared solution as well as a cleaned set
of electrodes were used. Before recording the
polarisation curves, WE were immersed in
solution for 3 hours to establish their open circuit
potential (OCP). The potentials were scanned
from the OCP in the cathodic direction and
subsequently in the anodic direction. In order to
minimize ohmic contribution, the tip of Luggin
capillary was kept close to WE. Polarisation
measurements were made under the thermostatic
conditions at 308K, 318K, 328K and 338K.All
values reported were obtained from triplicate
experiments. The inhibition efficiency is
calculated using equation 110

Impedance Measurements
The EIS measurements were carried out using AC
signals of amplitude 0.005mV peak to peak at
the open circuit potential (OCP) in the frequency
range 1,00,000–1 Hz. A potentio-scan type (CHI
760 Electrochemical Workstation) connected
with a data acquisition system was used to
conduct both the potentio-dynamic polarization,
as well as the EIS-measurements.
Potentiostatic Polarisation Studies
Steady state Potentiostatic Polarisation was done
through the potentiostat by applying potentials
of 40mV increments after every one minute and
the corresponding current values were recorded
one minute after the potential was applied. The
anodic polarization experiments were repeated
for a number of times for each set and the
reproducible data have been recorded here.
Temperature kinetics studies
The inhibiting effect of organic polymers on the
metal corrosion in an aggressive medium is
determined by their adsorbability at the electrode
electrolyte interface.The surface coverage values
obtained from the above-mentioned experimental
studies were correlated with the concentration and
J. Electrochem Soc. India
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temperature of the inhibitor. Different isotherms
were then plotted, out of which Langmuir
Adsorption Isotherm and Temkin adsorption
isotherm were found to have the best fit with
obtained surface coverage values. The value of
equilibrium adsorption constant has evaluated
from the intercept of t he isotherm and
consequent ly t he values of the other
thermodynamic parameters – Gads, Hads and
Sads have been calculated. Further the corrosion
current density obtained from galvanostatic
polarization studies have been used to calculate
Activation Energy in the presence and in the
absence of the inhibitor. All these values so
obtained from three distinct studies have been
compared.
Surface Morphology
Polished specimens of Mild Steel, which had a
smooth pit free surface were subjected to
corrosion exposure using 1N H2SO4 and thereafter
were exposed to various concentrations of
inhibitors Polysorbate-40 (lowest and highest) to
observe the extent of inhibition. They were then
dried in a desiccator and subjected to a scanning
electron microscope (SEM) examination.
Quantum Chemical Calculations
In the present investigation, Hyperchem 7.5
Release was used to create the initial geometries
of Polyvidone The geometries of these inhibitors
were fully optimized by using t he MM+
(Molecular Mechanics) and then reoptimized by
ZINDO1 with Polak Ribierre gradient method
and the calculations for the various molecule
parameters were performed through UHF
method. The convergence limit for optimization
with respect to the total energy was taken as 0.1
kcal.The values of binding energy, heat of
formation, energy of HOMO and LUMO, point
group and dipole moment have been evaluated
from these calculations.
Results and Discussions
Potntiodynamic Polarisation Studies
Tafel plot is used to determine experimentally icorr
from which the corrosion rate is calculated.1N
sulphuric acid solution containing various
concent rations, 0.5%, 1.0% and 2%, of
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Polysorbate-40 was used for polarization studies.
Logarithm of current densities were plotted
against corresponding potentials and various
parameters, OCP, icorr, a and c, and I% were
calculated which are given in the table 1. Figures
1(a) to 1(d) give the cathodic and Anodic
polarization curves for the solution at various
temperatures.
Table 1clearly shows that the corrosion currents
decrease in presence of inhibitor compared to acid
and are lowest for the highest concentration of
Polysorbate 40 i.e. 0.190 mAcm-2 for 2% at
318K. The inhibition efficiency increases with
increase in the concentration(14,15) of the inhibitor.
The efficiency of the inhibitor also increases with
the increase of the temperature13 the inhibition
efficiency is highest 88.6% at 338K as compared
to 60.1% at 308K for 2% of Polysorbate-40.
Hence the inhibitors belong to the third category
of inhibitors as given by Putilova which retards
corrosion at elevated temperature efficiently but

corrosion is higher at lower temperature11, 12.

The tafel slopes are almost constant, independent
of the concentration of the inhibitor. There is drop
in corrosion rate in the presence of polysorbate40 which may be due to the adsorption of inhibitor molecules at the surface of mild steel through
the hetero atoms i.e., O of C=O group.

Table 1 Corrosion Parameters of Mild Steel in 1N H2SO4 in the presence of Polysorbate 40
Conc.
(mass%)

Temp.
(Kelvin)

Ecorr(-)mV

icorr
(mA.cm-2)

c

a

(mV/dec)

(mV/dec)

H2SO4

308

510

1.000

140

40

0.5

480

0.631

140

50

36.9

1

480

0.513

130

30

48.7

2

500

0.399

130

35

60.1

520

1.479

130

40

0.50

440

0.561

120

60

62.0

1

480

0.384

120

40

74.0

2

470

0.19

190

80

87.1

510

2.454

60

20

0.5

480

0.618

90

30

74.8

1

480

0.483

100

20

80.3

2

480

0.378

150

40

84.6

510

3.311

30

20

0.5

470

0.788

90

60

76.2

1

470

0.462

80

50

80.0

2

465

0.377

100

30

88.6

H2SO4

H2SO4

H2SO4

318

328

338

I%
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There is no appreciable shift in the OCP values
in uninhibited solutions and that of solutions
having various concentrations of Polysorbate-40
at all temperatures. This indicates that this
inhibitor behaves as mixed type inhibitor (11,12,16)
and gets equally adsorbed on the cathodic and
anodic sites suppressing both t he partial
electrochemical reactions to an equal extent.
Electrochemical impedance Studies
The impedance parameters for mild steel in 1N
H2SO4 with and without Polysorbate 40 at 308 K
are deduced from the analysis of Nyquist and
Bode plots are given in Table 2. The intercept on
the x-axis in the Nyquist plot gives the value of
solution resistance, Rs and the end point on the
same axis gives the value of Polarization
Resistance, Rp.(17-20)

Fig. 2(a) Nyquist plot for acid and polysorbate
40 at 308 K

Then charge transfer resistance Rct can be
calculated using the equation (2):
Rct = Rp - Rs

(2)

Double layer capacitance is then, calculated using the
equation:

Fig.2(b)Bode plot for acid and polysorbate 40
at 308 K
(3)
Where, fmax is the frequency at which Nyquist
plot has its maxima.
Table 2 Impedence Parameters for the
Corrosion of Mild steel in 1N H2SO4 and in
presence of inhibitor
Inhibitor

Rct
f
(cm2 ) (Hz)

1N H2SO4

96.7

2.0%
271.1
Polysorbate 40

Cdl
(Fcm-2 )

I%

5.486 3 × 10-4
3.742 1.5 × 10-4 64.3

Inhibitor can be associated with a decrease in capacitance of the metal. The decrease in Cdl in
comparing with that in blank solution (without
inhibitor), which can result from a decrease in
local dielectric constant and/or an increase in the
thickness of the electrical double layer, suggests
that the inhibitor molecules function by adsorption at the metal/solution interface [22,23].
Noticeably, the capacitive loops in both acids and
in presence of inhibitor are not perfect semicircles
which can be attributed to the frequency
dispersion effect as a result of the roughness and
inhomogeneous of electrode surface 21 .
Furthermore, the diameter of the capacitive loop
in the presence of inhibitor is larger than that in
the absence of inhibitor which indicates that the
impedance of inhibited substrate increases in
presence of inhibitor.
By adding the inhibitor, Rct value is increased.
Generally, a large charge transfer resistance is
associated with a slower corroding system.
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Potentiostatic Polarisation studies
The steady state potentiostatic behaviour of the
anodic dissolution of mild steel in 1N H2SO4 in
presence of Polysorbate-40 was studied.The
representative polarization curves are shown in
Fig.3.The various passivating parameters (Iccritical current, Ip-Passivating potential were
determined and are given in table 3.

239.8mAcm-2 (in the acid) to 132.9 mAcm-2 (in
the presence of polysorbate-40).The stretch of
passivation range increases with the increase in
the concentration. The passivation range is also
largest for 2.0% solution of polysorbate-40 i.e
from 480-1360 mV. The lack of passivating
charact er here is due to the non-uniform
adsorption of these additives on the metal surface
due to which a passive film is not formed.
Temperature Kinetic Studies
Inhibitors inhibit mainly by the process of
adsorption24,25. The Adsorption Isotherm gives
an insight into the adsorption mechanism and
information on the metal-inhibitor interaction,
and it can be derived from the curve of surface
coverage rate against concentration of the
inhibitor. Surface Coverage, ¸ is given by equation
(5)

Fig.3 Potentiostatic Polarization curve for the
Mild Steel in 1N H2SO4 in presence of various
concentrations of Polysorbate-40
Table 3 Electrochemical parameters of anodic
dissolution of mild steel in 1N H 2 SO 4 in
presence of Polysorbate-40
Solution

Epp (mV)

icritical
ip
(mAcm-2) (mAcm-2)

1N H2SO4

590-1050

239.8

9.98

Polysorbate 600-1400
-40(0.5%)

122.1

1.4

Polysorbate 680-1400
-40(1.0%)

128.7

1.09

Polysorbate 480-1360
-40(2.0%)

132.9

0.79

It is evident from the figure 3 that there is
significant decrease in the ic and ip values in the
presence of polysorbate-40. This suggests that the
inhibitor is getting adsorbed thereby lowering the
maximum current. The drop in the ip and ic values
increases with increase in the concentration of
the additive. The lowest values for ic and ip are
observed at the concentration of 2.0%.The ip
decreases from 9.98 mAcm-2 (in the presence of
acid) to 0.79 mAcm-2 (in the presence of
polysorbate-40). The ic value also drops from

Attempts were made to fit ƒá values to the
Thermodynamic-kinetic model of Temkin and
Langmuir isotherms and the correlat ion
coefficient (R2) values were used to determine
the best fit isotherm. By far, best results were
obt ained for the Temkin adsorpt ion
isotherm,which has the form
e-2a = Kc

(6)

Where ‘a’ is molecules interaction parameter, 
is the degree of surface coverage, K is equilibrium
constant of adsorption process and ‘C’ is the
concentration of the inhibitor.
Taking log on both sides,
 = -2.303 (log c )/2a - 2.303 (log K)/2a
In this isotherm ƒá is plotted against log c. From
the intercept [2.303 (log K)/2a], value of K is
calculated and ‘a’ is given by the slope [-2.303 /
2a].
Energy of activation is calculated by using the
Arrhenius form, which is as follows:
K = Ae –Ea/RT where,
Ea is the activation energy for adsorption,A is the
pre-exponential factor or Arrhenius constant.
K is the rate constant which is proportional to
Icorr..
J. Electrochem Soc. India
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Taking log on both sides
Log Icorr = log A - Ea/2.303RT
Fig.

Fig.4(a) Curve fitting of the plot of  against
log c for Mild Steel

Fig4(b) the plot of the log K against 1/T for
Temkin

Fig.4(c) plot of log icorr against 1/T for Mild
Steel in 1N H2SO4 in the presence of
Polyvidone
Table 4
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This is a straight line equation for log Icorr vs 1/T
graph whose slope gives Ea and intercept gives
the value of A. Table 4 gives the values of Ea.The
lower value of activation energy in the presence
of the inhibitor than in its absence reveals that
the inhibitor is effective at higher temperatures
and belongs to Putilova’s third category of inhibitors. According to Dehri and Ozcan26, the relationship between the temperature dependence
of percent inhibition efficiency (IE %) of an inhibitor and the activation energy found in its presence was given as follows: (a) Inhibitors whose
IE% decrease with temperature increase, the value
of activation energy (Ea) found is greater than that
in the uninhibited solution; (b) Inhibitors whose
IE% does not change with temperature variation,
the activation energy (Ea) does not change with
the presence or absence of inhibitors; (c) Inhibitors whose IE% increases with temperature increase, the value of activation energy (Ea) found
is less than that in the inhibited solution. The fall
in the value of Ea is probably accounted for by
the increase in surface area of the metal covered
by inhibitor molecules as temperature rises. It can
be supposed that in such cases, specific adsorption of the products of the reaction between the
inhibitor and the metal salt formed in the acid is
possible, as well as adsorption of the inhibitor
itself.
The calculated values of molecular parameter ‘a’
are negative27, 28 in all the cases showing that
repulsion exists in the adsorption layer. It is generally known that K denotes the strength between
the adsorbate and adsorbent. Large values of K
imply more efficient adsorption and hence better
inhibition efficiency. The free energy of adsorption is related to the equilibrium constant of adsorption, K by the following equation:
G = -2.303 RT [Log 55.5 + Log K]
The values of free energy of adsorption for
polysorbate 40 in the temperature range 308K to
338K are shown in Table 5. The Gads values
are all negative 29 , a clear indication that
adsorption of the inhibitor onto the metal surface
is spontaneous and the increase in values with
rise in temperature shows that the spontaneity of
the adsorption increased as temperature was
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Table 5

raised. (Bentiss et al. 2005). Generally, values of
( Gads) up to - 20 kJmol-1 are consistent with the
electrostatic interactions between the charged
molecules and the charged metal (physisorption)30
while those around -40 kJmol-1 or higher are
associated with chemisorption as a result of
sharing or transfer of electrons from polymer
molecules to the metal surface to form a
coordinate type of bond (which indicates
chemisorption) (Hosseini et al., 2003). The values
of
G ads listed in Table 5 indicate the
chemisorption31 of polysorbate -40 on the mild
steel surface at higher temperatures.
The adherence of this adsorption process to
Temkin adsorption isotherm is suggestive of
molecular interaction within the adsorption layer
species (27,28) and the negative values of ‘a’ are
indication of repulsive interaction in the The
increase in the value of Gads with rise is a feature
of chemical adsorption process and Temkin
isotherm is actually a feature of chemical
adsorption.
SEM Studies
The micrograph of mild steel specimen without
polymer composite showed a large number of pits
and cracks due to the attack of aggressive
corrosive medium Fig.5(b). SEM micrographs of
mild steel specimen in the presence of polyvidone
illustrated a uniform layer formation on the metal
surface Fig.5(c). (Athawal and Bhagwat, 2003).
As shown in the SEM image, each unit has many
polymer granules. This might be due to the
multiple nucleation of polymer preferentially on
the same site of the substrate. In some of the

micrographs, it was possible to see a compact
granular structure with few pores between the
grains. This observation was similar to the report
of polyaniline metal bilayer coating (Ananda
Kumar et al., 2008). The resulting micrograph
revealed that the surface was strongly damaged
owing to corrosion in the absence of the
inhibitor29, but in the presence of the inhibitor
there was much less damage on the surface. This
was attributed to the formation of a good
protect ive film on the mild steel surface
(Migaheda et al., 2011).

Fig 5(a)SEM of Plain Mild Steel Surface at
1000 and 3000 Magnification

Fig.5(b)SEM of Plain Mild Steel Surface in
1N H2SO4 at 1000 and 3000 Magnification
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Fig.6(b) charge distribution on the Polysorbate 40

Fig5(c)SEM of Plain Mild Steel Surface in
presence of 0.5% and 2% polysorbate 40 at
1000 Magnification
Quantum Chemical Calculations
Table 6 shows the optimized parameters of the
inhibitors by using Hyperchem 7.5. Figures 6(a)
shows the optimized geomet ery of t he
Polysorbate 40 molecule, figure 6(b) shows the
charge distribution on the Polysorbate 40
molecule.Figure 6(d) and 6(e) shows ball and
stick models and their various optimized
parameters calculated are given in table 6.

Figure 6(c) shows the electrostatic potential
surface of Polysorbate 40 molecule.

Figure 6(d) shows the HOMO of the Polysorbate 40

Fig.6(a) optimized geometery of the Polysorbate 40
J. Electrochem Soc. India
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Fig6(e) shows the LUMO of the Polysorbate
40
The energy of the HOMO is directly related to
the ionization potential and the energy of the
LUMO is directly related to the electron affinity.
The HOMO–LUMO gap, i.e. the difference in
energy between the HOMO and LUMO, is an
important stability index. A large HOMO–LUMO
gap implies high stability for the molecule in
chemical reactions [30.31,32] According to the hard
and soft acids and bases principle (HSAB
principle), soft molecules have the HOMO orbital
relatively higher in energy and the LUMO orbital
relatively lower. This means that the HOMOLUMO gap should decrease upon adsorption of
the inhibitor on the metal surface.

From these figures it can be easily traced out that
the donation is mainly through the heteroatoms
i.e. nitrogen and oxygen. Therefore, we can say
that these figures actually give us an idea about
the active site from where the adsorption on the
metal takes place.Dipole moment values also give
us an idea about the inhibition efficiency33,34.
Higher the value of dipole moment, higher is the
extent of polarization, and greater is the tendency
of donation of electrons. Therefore, we can say
that greater is the dipole moment, greater is the
inhibition efficiency
The Heat of Formation and Binding Energy gives
us an idea about the stability of an inhibitor.
Positive heat of formation suggests that the
formation of the inhibitor molecule is not
spontaneous, as it requires energy for its
formation. Therefore, it can split apart into its
components on adsorption leading to lesser
stability. Similarly, negative binding energy
suggests that the inhibitor molecule is stable.
More negative is the value of binding energy,
more is the stability.
The adsorption of Polysorbate 40 on Fe takes
place via the O of the –O-C=O (ester) group as
the electron density is concentrated at O. It is
evident from the data that the polymer has lower

Table 6 Electronic and Energetic Parameters of Polysorbate 40 using ZINDO/1 method
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energy gap and higher dipole moment; therefore
it acts as efficient inhibitor. The values of binding
energy also indicate that the complex of metal –
polymer is more stable than the free polymer
molecule.
Conclusion
From the overall data and results of adsorption
of polysorbate 40 on mild steel in acid solution
studied with the help of experimental and
theoretical studies and confirmed by surface
morphological techniques, the following
conclusions have been drawn:
1. The Polysorbate40 retards corrosion at ordinary
temperatures and shows better inhibition
efficiency at higher temperatures especially at
328 and 338 K. Therefore, its adsorption is
not merely a physical or a chemical adsorption
but a comprehensive adsorption.
2. The Polysorbate40 shows no appreciable shift
of Ecorr towards any direction. This shows that
this is a mixed type of inhibitors
3. There is an increase in the charge transfer
resistance and decrease in the double layer
capacitance in the inhibited solutions.
4. There is significant decrease in the ic and ip
values in the presence of polysorbate-40 and
drop in the ip and ic values increases with
increase in the concentration of the inhibitor.
5. The Temkin adsorption isotherm was found
to be the closest to the description of the
adsorption behaviour of the studied inhibitor
supplemented by electrochemical studies.
6. The negative values of ”G0ads along with high
Kads indicate a spontaneous adsorption
process at all the temperatures but is most
efficient at 328 K and 338 K. The values of
enthalpy change and entropy change also
reveal the same trend.
7. The images obtained from SEM clearly shows
that the surface of mild steel corrodes more in
the presence of 1.0N H2SO4 and it is
considerably reduced when Polysorbate 40 is
added.

J. Electrochem Soc. India

221

ACKNOWLEDGEMENT
One of the aut hors (Dr.Ant a K yadav)
acknowledges ‘innovation project’ Rajdhani
College(DU) and Department of Chemistry,
University of Delhi, for the necessary laboratory
facilities and financial support.
References
1. Priyanka Singh1, M.A. Quraishi1,* ,Eno E.
Ebenso2 Int. J. Electrochem. Sci., 9 (2014)
4900 – 4912
2. E.A.M. Youssef, Pigment & Resin
Technology, Jun 2004 Volume: 33 Issue: 3
Page: 152 – 159
3. S.A. Umoren, E.E. Ebenso, O. Ogbobe,
Pigment & ResinTechnology,2006 Volume:
35 Issue: 6 Page: 346 – 352
4. Abed, Z. Arrar, B. Hammouti, M. Taleb, S.
Kertit, A. Mansri, Anti- Corrosion Methods
and Materials, Oct 2001 Volume: 48 Issue: 5
Page: 304 – 308
5. R. Manickavasagam, K. Jeya Karthik, M.
Paramasivam, S.Venkatakrishna Iyer, AntiCorrosion Methods and Materials, Feb 2002
Volume: 49 Issue1 Page19– 26
6. B.C Edwards, Corrosion Science, Volume 9,
Issue 6 , 1969, Pages 395-404
7. J. L. Camalet, S. Aeiyach and P. C. Lacaze,
Journal of Electroanalytical Chemistry,
Volume 445, Issues 1-2, 31 1998, Pages 117124
8. Sudhish Kumar Shukla, M.A. Quraishi, Rajiv
Prakash, Corrosion Science50, 10, 2008, Pg
2867-2872.
9. S.A. Umoren* The Open Corrosion Journal,
2009, 2, 175-188
10. F. Bentiss, M. Traisnel and M. Lagrenee: Brit.
Corros. J., 2000, 35, (4), 315–320
11. K. Bhrara, G. Singh, Corrosion Engineering,
Science and Technology, 42, 2 (2007) 137145.

An electrochemical and theoretical evaluation ....... steel in sulphuric acid

222

12. A. Galal, N.F. Atta and M.H.S. Al-Hassan,
Materials Chemistry and Physics, 2005, 89,1
, Pg 38- 48

22. M. Lagrenée, B. Mernari, M. Bouanis, M.
Traisnel, F. Bentiss, Corros. Sci. 44 (2002)
573-588.

13. S. Muralidharan, M. A. Quraishi and S. V.
K. Iyer, Corrosion Science Volume 37, Issue
11 , November 1995, Pages 1739-1750

23. W.J. Lorenz, F. Mansfeld,Corros. Sci. 21
(1981) 647-672.
24. Yuetao Yi 1 , Guangyang Liu1,2, Zhiming
Jin1,2 , Dawei Feng,

14. Abd El-Aziz S. Fouda , Ahmed A. Al-Sarawy,
Mohamed S. Radwan, Annali di Chimica
2006 , 96, 1-2 , Pg 85 - 96

25. L. Niu, H. Zhang, F. Wei, S. Wu, X. Cao, P.
Lui., Appl. Surf. Sci., 252 (2005) 1634.

15. S. A. Abd El-Maksoud, Electrochimica Acta,
2004 49, 24 , Pg 4205- 4212

26. I. Dehri, M. Ozcan., Mater. Chem. Phys. 98,
(2006) 316

16. K. F. Khaled and N. Hackerman ,
Electrochimica Acta,2003 48, 19 , Pg 27152723

27. S.A. Umoren, I.B. Obot, E. E. Ebenso., EJournal of Chemistry 5(2), (2008) 355.
28. A.A. El-Shafei, M.N.H. Moussa, A.A. ElFar., Mater. Chem. Phys. 70(2001) 175.

17. Electrochemical Impedance Spectroscopy,
M.E. Orazem and Bernard Tribollet, John
Wiley & Sons, 2008.

29. Li, W. Zhao, X. Liu, F. and Hou, B., 2008,
Corrosion Science, 50(11), 3261-3266.

18. Mansfeld, F., “Electrochemical Impedance
Spectroscopy (EIS) as a new tool for
investigation methods of corrosion
protection”, Electrochimica Acta, 35 (1990)
1533.

30. S.A.Umoren and E.E.Ebenso, Mater. Chem.
Phys. 106 (2007) 387
31. K. Fukui, Theory of Orientation and
Stereoselection, Springer-Verlag, NewYork,
1975.

19. Walter, G.W., Corrosion Science, 26 (1986)
681.

32. D.F.V. Lewis, C. Ioannides, D.V. Parke,
Xenobiotica 24 (1994) 401–408.

20. Fletcher, S., J. Electrochem. Soc., 141 (1994)
1823.].

33. Z. Zhou, R.G. Parr, , J. Am. Chem. Soc. 112
(1990) 5720–5724.

21. M. Lebrini, M. Lagrenée, H. Vezin, M.
Traisnel, F. Bentiss, Corros. Sci. 49 (2007)
2254-2269.

34. [116] A. Stoyanova, G. Petkova, S.D., Chem.
Phys. 279 (2002) 1–6.

Dr. S. Krishnamurthy Memorial Lecture
Month of June 2017
at
Choksi Hall, IISC, Bengaluru - 560 012.

J. Electrochem Soc. India

Effect of thickness on Electrical properties of anatase
TiO2 thin films by Spray Pyrolysis technique

H.D. Chandrashekara1, Basavaraj Angadi1*, Shashidhar.R1, L.C.S Murty1,Dinesh Kumar2,
Poornima.P3
1
Deptt.of Physics, Jnanabharathi, Bangalore University, Bangalore-560056, India
2
CPGS, 18/3, 9-th Main, Jayanagar 3rd Block, Jain University, Bangalore-560011, India
3
GFGC, Department of Physics, H.N.Pura, Hassan-573217, India.
*Corresponding Author:
Dr. Basavaraj Angadi, Assistant Professor, Department of Physics,
Bangalore University, Jnanabharati Campus, Bengaluru – 560056, INDIA

Abstract
The effects of film thickness on the electrical properties of anatase TiO2 thin films deposited by
spray pyrolysis were studied. The films were deposited using spray pyrolysis technique at 350 C for
the time periods of 30s, 60s, and 90s and characterized for the phase and electrical characteristics. The
XRD studies confirm the anatase phase of TiO2. The electrical parameters such as ideality factor (m),
zero-bias barrier height, leakage current (I0), series resistance were obtained from the I-V characteristics
of the film. The flat band voltage (VFB), effective TiO2 charge (NEFF) and oxide charge concentration in
TiO2 were extracted from the high frequency C-V characteristics of the TiO2 MOS capacitor.
Key words: TIO2, Spray Pyrolysis, MOS capacitor, series resistance.

1. Introduction
Titanium oxide (TiO2) has become one of the
versatile, competitive and promising candidate
for the applications in Ultra large scale
integration (ULSI) [1], information storage, gas
sensors, thin film transistor, solar cells, photocat alysis, electronic devices and elect ro
photographic system. The increased interest in
both the application and fundamental research of
this material in last decades stem from its
remarkable optical and electronic properties [2,
3, 4]. A recent interest is focused on the anatase
phase structure of the TiO2 thin film which is quite
applicable to humidity and gas sensors [5]. In the
literature many techniques have been utilized to
synthesize the TiO2 films. Notable among them
are spray pyrolysis [6,7], sputtering [3], Chemical
Vapor Deposition (CVD) [8], dip coating method
[9], pulsed laser deposition [10], sol–gel [11-15],
atomic layer deposition [16,17]. Among all the
aforementioned methods of synthesis of TiO2
films, spray pyrolysis is quite widespread used
technique due to its simplicity, commercial
J. Electrochem Soc. India

viability, and potential for cost-effective mass
production and easy to use. Several review
articles have been published in the literature
highlighting the potential of this technique. In this
method, desired titanium precursor is sprayed
through an atomizer onto preheated substrate.
Notable precursors are titanyl acetyl acetonate
( T i A c Ac ) [ T i C 1 0 H 1 4 O 5 ] , T i ( i - O C 3 H 7 ) 4 2 propanol,titaniumtetrachloride (TiCl4), titanium(
IV) isobutoxide [Ti((CH3)2CHCH2O)], peroxotitanium complex solution, etc. The properties
of the thin film such as crystalline, structure,
morphology, growth and electrical and optical
properties are dependent upon the processing
conditions and precursors used.
In the present work, we have prepared the TiO2
thin films by spray pyrolysis technique using
Titanium (IV) Isopropoxide as a precursor, Acetyl
Acetonate as a complexing agent and absolute
ethanol as solvent under optimized conditions
[18]. The deposited TiO 2 films of different
thickness were used to fabricate MOS capacitor
to study the electrical properties such as
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Capacitance-Voltage (C-V) and Current-Voltage
(I-V). Various electrical parameters of concern
were calculated from the measurements.
2. Experimental
In order to prepare the TiO2 film, TiO2 solution
was prepared using Titanium (IV) Isopropoxide
as a source material, Acetyl Acetonate as a
complexing agent and absolute ethanol as solvent.
The prepared solution was in the molar ratio of
0.1M. For the structural and electrical
characterization, films were deposited on the psilicon substrate. Three samples of the TiO2 films
were prepared with different spraying times of
30s, 60s and 90s at substrate temperature 350 C
under optimum conditions. For the MOS
capacitor fabrication, the silicon wafer was first
cleaned using RCA procedure. This step involves
15 minutes boiling of the silicon wafer at 75 oC
in NH4OH + H2O2 + 6DIH2O (1:1:6ml) to remove
the organic contaminants, followed by 15 minutes
boiling in HCl +H2O2 +6DIH2O (1:1:6ml) to
remove the metal contamination. The native oxide
on the front surface of substrate was removed
using HF: DI H2O (BHF) in the ratio 1:10 solution
and finally silicon wafer was rinsed in DI H2O
for 30s. The prepared solution was deposited onto
the cleaned silicon substrates under optimum
conditions. The deposited TiO 2 films were
characterized through XRD technique for the
phase confirmation using X-ray diffractometer
(RIGAKU-MINIFLEX-II desktop) with Cu-Kα
radiation (λ=1.542Å).
In order to study the electrical characteristics such
as C-V and I-V of the deposited films, electrical
contacts were made. Aluminum metal layer was
deposited on the surface of the TiO2 layer using
thermal evaporation technique (Hindhivac
vacuum coating unit Model 15F6). The dot
diameter was 500µm. Before making contacts on
the backside of the wafer, SiO2 layer was etched
away by using BHF solution. The front side of
the wafer was covered with wax during the
etching process of the backside of Si, to avoid
the etching of front side TiO2 and Al layers. After
the contact was made on the back-side of the
wafer, the film was dipped in Isopropyl alcohol
solution to remove the wax from the front side of
the wafer.
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For the electrical measurements, Agilent 4155C
Semiconductor parameter analyzer and Agilent
4294A precision impedance analyzer were used.
The bias was applied to the back contact (Si
substrate) while the top contact was kept at the
ground potential. Positive and negative bias
sweeps were started from zero.
3. Results and Discussion
The XRD pattern of the deposited TiO2 film using
the spray pyrolysis technique on p-silicon
substrate at 350 C is shown in Fig.1. The XRD
patterns show the anatase phase of the deposited
TiO2 thin film of various thicknesses obtained by
varying the deposition times of 30 s, 60 s and 90
s. The deposit ion conditions such as t he
temperature (350 C), spray time, substrate to
nozzle distance (30 cm) were optimized to
achieve good quality anatase phase of TiO2.
Figure 2 shows the schematic of the fabricated
Al/TiO2/p-Silicon MOS structure.

600

375.4nm

400

Intensity (arb.units)

224

200
0
600

289.1nm

400
200
0
600

155nm

400
200
0
20

30

40

50

60

2(degree)

Fig 1. X-ray diffraction spectra for TiO2 film as
deposited with different thicknesses.
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 B0

Fig 2. Al/TiO2/p-Silicon MOS structure
Figure 3. shows the measured forward and reverse
bias current and voltage characteristics of the
fabricated metal-oxide-semiconductor (Al/TiO2/
p-Si) capacitor for different TiO2 thickness of
155nm, 289.1nm and 375.4nm. The applied
voltage was varied from negative value (-4V) to
positive value (+4V). Various parameters such
as ideality factor (n), zero-bias barrier height,
leakage current (I 0), series resistance were
calculated from the Figure 3 and are tabulated in
Table 1.
Ideality factor (n) for the MOS capacitor has been
measured from the slope of the linear region of
the forward characteristics as shown in Figure 3.
The ideality factor in terms of the slope can be
written as [19].
………………..(1)
Where k is the Boltzman constant, T is the
temperature and q is the electronic charge. The
high value of ideality factor is attributed to the
voltage drop across the interfacial insulator layer.
The values of the saturation current have been
calculated by extrapolating the linear region to
the ordinate. It can be seen that the large value of
the leakage current in the film with TiO2 thickness
375.4nm, is due to the large defects present in
the insulating layer. The large value of defect
density also affects the zero bias barrier height.
The zero bias barrier height was calculated using
equation,

J. Electrochem Soc. India

 KT   AA*T 2 

 ………………..(2)
 ln 
 q   I0 

Where A* is the effective Richardson constant
(32 A/cm2K2) for p-type silicon, A is the area of
the device (1.96e-3cm2), T is the temperature
(300K), I0 is the leakage current, q is the electronic
charge, K is the Boltzmann constant. The B0
values obtained for the MOS capacitors with
different thicknesses of TiO2 are shown in the
Table 1. It was found that with the increase in
TiO 2 thickness the zero bias barrier height
decreases. This might be due to the increase in
number of defects in the insulating layer, which
lowers the barrier height with corresponding
increase in the leakage current.
The series resistance (RS) plays a crucial role in
the forward I-V characteristics of the MOS
structure at high applied voltage. Due to this
resistance, a significant voltage drop occurs at
large forward currents which reduce the voltage
across the barrier. Figure 4 and 5 show the plots
of Cheung functions, equations (3) and (4),
extracted from forward I-V characteristics. The
value of the series resistance in this work was
calculated from the forward bias I–V
characteristics, at high voltage, using the method
developed by Cheung and Cheung [12]. Cheung
functions are given as
 kT 
dV
 IRS  n 
 , …………….(3)
d  ln I 
 q 

H  I   n s  IRS …………………..(4)
The RS value can be calculated from the slope of
the curve. The calculate values of the series
resistance was found to be decreasing as a
function of TiO2 film thickness. This was due to
the fact that the TiO2 film grown thermally has
high interface charge density which may initiate
poole frenkel emission through the insulating
layer.
Table 1 Different parameters calculated from
the forward and reverse characteristics of the
MOS Structure
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Fig 3. Forward and reverse bias current -voltage
characteristic for Al/TiO2/Si with different TiO2
thicknesses

Fig. 4 dV / d (ln I ) -I characteristics of the Al/
TiO2/p-silicon structure at T=300K
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In order to measure the quality of deposited oxide,
C-V characteristics were measured for devices
with oxide thickness of 155nm, 289.1nm and
375.4nm at 1 MHz as shown in Fig. 6. It can be
seen that for all the thicknesses, MOS structure
show accumulation, depletion and inversion
regions of operation. The voltage corresponding
to Cmin was larger for higher value of TiO2 film
thickness. The flat band voltages (VFB), effective
TiO2 charge (NEFF) and oxide charge
concent ration were calculat ed from C-V
measurements. The gate dielectric thickness was
ext ract ed from the accumulation region
capacitance. It can be seen that the total
capacitance in the accumulation region remains
constant for TiO 2 film thickness of 155nm.
However, as the TiO 2 film thickness was
increased, the tot al capacitance in t he
accumulation region starts decreasing if the
voltage was increased beyond 2V in the negative
direction. This fall in the total capacitance was
due to the increase in the leakage current in the
accumulation region. Therefore, it was only for
TiO 2 film thickness of 155nm t he strong
accumulation was achieved. Therefore only for
this sample, the TiO 2 oxide thickness was
calculated. The calculated value was found to be
156.7nm, which was very nearly equal to the
value calculated from the Ellipsometry (155nm).
The flat band voltage and oxide charge
concentration were obtained from the plots of 1/
C2 versus gate voltage.
The capacitance and voltage relation for a MOS
structure can be written as

1
2V
 2
2
C
A q s N SUB …………………(5)

Fig. 5 H ( I ) -I characteristics of the Al/TiO2/psilicon structure at T=300K

Where A is the area of the device, q is the
electronic charge; N SUB is the oxide charge
concentration. The intercept on the x-axis, when
extrapolated in the depletion region gives rise to
flat band voltage. The flat band voltage calculated
for the TiO2 film thickness of 155nm, 289.1nm,
375nm were found to be -1.61V, -1.37V, -0.97V,
respectively. The positive shift in the flat band
voltage pertains to the increase in the defect
density in the TiO2 film thickness (375.4nm). The
J. Electrochem Soc. India
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oxide charge concentration can be calculated from
the slope of this extrapolated line. For a film
thickness of 155nm, the oxide charge
concentration was found to be 1.1x 1016cm-3,
which corresponds to resistivity (2 Ώ-cm). This
value was little lower than substrate resistivity
(6 Ώ-cm ) used for the device fabrication. In the
oxide layer of the practical MOS capacitor, there
is always a fixed oxide charge. This charge
depends upon the semiconductor orientation,
oxidation and annealing conditions. It is very
important for the evaluation of the wafer
processes. The effective oxide charge density is
the sum of the fixed oxide charge (Qf), mobile
ionic charge (QM) and oxide trapped charge (QOT)
divided by charge.
N EFF 

films prepared by other methods such as MOCVD
[16].

QF  QM  QOT
………………..(6)
q

For the calculation of the effective oxide charges
density, the expression by Nicollian and Brews
was used. It was found that the NEEF was related
to metal (Aluminum) - semiconductor junction
and flat band voltage by [20].

N EFF 
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Fig.5 Normalized Capacitance -Voltage characteristic for Al/TiO2/Si with different TiO2 thicknesses

COX MS  VFB 
………………..(7)
Aq

Where A is the area, Cox is the oxide capacitance
per unit area, VFB is the flat band voltage and MS is
the met al semiconductor work function
difference. The calculated value for the 155nm
film thickness was 1.175x1012cm-3.
It can be seen that other two devices with TiO2
film thickness 289.1nm and 375.4nm show fall
in the capacitance, in the accumulation region as
the applied negative voltage was increased. This
was due to the leakage current through the oxide.
This leakage current value increases with the
increase in the gate oxide thickness, as can be
seen from Fig. 6. Insulating films on silicon
usually contain charges which affect t he
semiconductor surface potential. For the
fabricated devices, the hysteresis loops were
observed in the C-V curves at 1MHz, as shown
in Fig. 7 for two thicknesses. These characteristics
match well with the previous studies of TiO2 thin
J. Electrochem Soc. India

Fig.7 C-V hysteresis loop at 1 MHz of Al/TiO2/
S i with different TiO2 thicknesses. Arrows show
the direction of sweep.
Conclusion
The TiO2 thin films were deposited using spray
pyrolysis technique. The effect of TiO 2 film
thickness on electrical properties such as forward
and reverse bias I-V and C-V characteristics of
the Al/TiO 2/p-silicon MOS structures were
studied. Various electrical parameters such as
ideality factor, leakage current, series resistance
zero bias barrier voltage and oxide charge
concentration were calculated from the electrical
characteristics. Experimental results reveal that
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with the increase of the film thickness, the ideality
factor and the leakage current increases with the
corresponding decrease in the zero bias barrier
height. The increase in the value of ideality factor
was attributed to the potential drop in the
interfacial insulator layer. The increase in the
leakage current was due to the large defect
densities and pinholes in the insulating layer.
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Abstract: Cadmium telluride (CdTe) thin films of various thicknesses (55–95 nm) were deposited
through multi cycle mode on Si (100) substrates at a temperature of 350ºC by spray pyrolysis technique
under optimum conditions, for application as an absorber layer for hetero-junction solar cells. The
structural, morphological and compositional studies of films were made through XRD, SEM and
EDAX. By performing isochronal and isothermal annealing studies, resistivities of films were optimized.
The estimated values of barrier height, ideality factor and reverse saturation current from M-S-M
studies were found to be in the range of 0.645–0.844 eV, 0.648–10.82 and 1.309x10-8–2.751x10-5A,
respectively. The influence of CdTe film thickness on Au/CdTe/nSi/Al hetero-junction solar cell
characteristics were made and the estimated cell parameters such as series resistance, shunt resistance,
fill factor and efficiency were found to be in the range of 110k&!–2.66M&!, 9.3k&!–133 M&!, 25.01–
26.03% and 0.00060 – 0.00020%, respectively.
Keywords: CdTe, Isochronal, Isothermal, potential barrier, solar cell, spray pyrolysis.

1. Introduction
The CdTe, a Zinc blend semiconductor [1] with
a suitable direct energy band gap (1.45 eV), is a
promising candidate for thin film solar cells. It is
the only semiconductor of this family showing
both types of conductivity [2] and having
properties as those of germanium and silicon.
Recently, there has been increasing interest in the
fabrication of CdTe films because they exhibit
useful structural, optical, electrical properties
such as sensing applications [3] and remarkable
solar energy conversion [4].
Solar cell is the most suitable device for the
production of convenient and low cost energy.
The low-cost heterojunction solar cells formed
by depositing CdTe films on Si substrates have
gained more attention recently. Heterojunction
cells have a number of potential advantages such
as an excellent blue response, simple processing
steps and low processing temperatures [5]. Spraydeposited ITO films on Si substrates have
relatively high conversion efficiency in 12-15%
range [6]. CdTe films are preferred over ITO due
to their higher conversion energy [7].

CdTe films have been prepared using several
techniques such as, sputtering [8], chemical
vapour deposition [9], molecular beam epitaxy
[10] and spray pyrolysis [11,12]. Chemical routes
of film deposition have shown great potential for
photovoltaic applications because of simple and
economical techniques employed [13]. Probably,
the spray pyrolysis is the cheapest and elegant
technique towards preparing films. Spray
pyrolyzed films are of better crystalline quality,
clean, adherent, denser and less porous etc., which
are favourable characters for solar cell. It needs
no vacuum because the films are deposited in the
atmospheric ambiance. Spray-pyrolyzed CdTe
films with moderate band gap, good electrical as
well as optical properties and lower deposition
temperature, is chosen as a potential candidate
for solar cell applications [14]. Many works
[15.16] pay attention to heavily doped CdTe for
its potential use as solar cell absorber. The
electrical transport properties of films are strongly
dependent on their structure such as grain size,
defects and concentration of impurities. Heat
treatment affects the structure and also the
resistivity of films. Hence annealing effect on film
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resistivity is being taken up in the present
investigation [17].
In the present investigation, intrinsic CdTe
absorber layers of various thicknesses were
deposited in a multi cycle mode by spray pyrolysis
on n-type Si substrate to form a heterojunction
solar cell. The optimization of CdTe film
resistivity by annealing and influence of film
thickness on solar cell electrical properties were
investigated.
2. EXPERIMENTAL DETAILS
2.1 Sample preparation
Mirror-like single crystal n-type (100) Si wafer
with a thickness of 350 µm and a resistivity of 13 &!cm, was used as a substrate in this study.
Wafer cleaning is an important and critical step
in device fabrication as any chemical
contamination (metallic or organic) can ruin the
device performance and reliability. RCA cleaning
process was used for removing any particles or
any chemical contaminations present on the wafer
by using 2 sequential cleaning solutions, namely
standard cleaning-1 (NH 3-H 2O2-DI water in
composition of 1:1:5 to remove native oxide
present on the wafer) and standard cleaning-2
(HCl-H202-DI water in composition of 1:1:6 to
remove metal contamination on the wafer),
respectively. The cleaning process was followed
by a dilute HF dip and then washed with
deionized water to passivate the Si dangling
bonds with hydrogen. Cadmium Telluride (CdTe)
thin films of various thicknesses (55-95 nm) were
prepared in a multi cycle (3, 5 and 7 cycles) at
various deposition time (15 s, 20 s and 25 s), by
spraying 0.01 M solution of Cadmium chloride
(CdCl2H2O) (Sigma Aldrich) and Tellurium oxide
(TeO2) (Sigma Aldrich) dissolved in a mixture of
1 part of ammonia solution (sp.gr.0.91 abt. 25 %
extra pure S D fine chem.. ltd. India) and 4 parts
of de-ionized water. 1.5 ml of Hydrazine (mono)
Hydrate (N2H4H2O) (Sigma Aldrich) is added to
the solution. 1 ml of HCl is also added to the
above prepared solution to get complete solubility
of precursors. Thus CdTe thin films were prepared
by spraying the respective precursors under
J. Electrochem Soc. India
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optimum conditions [18] on cleaned silicon
substrates maintained at a temperature of 350ºC
respectively.

Fig.1. Cross-section of p-CdTe / n-Si hetero
junction solar cells.
Au (130 nm) – Cu (18 nm) contacts were made
over Si substrates which are pre-spray coated with
CdTe films, by coating desired metal through a
mask with an area of 1.963 x 10-3 cm2 using RF
sputtering technique. Anelva SPF-332H make RF
sputtering unit with deposition parameters such
as target to substrate distance 5.2 cm, plate voltage
1-2 kV, plate current 60-110 mA, incident power
40-150 W, reflecting power 5-25 W, pre sputtering
time 5 -20 min and pressure of 6 m Torr was
utilized. Aluminum films of thickness 150 nm
are coated on back surface of silicon substrate
using thermal evaporation technique. Hindhivac
15F6 make thermal evaporation unit with
deposition parameters such as vacuum pressure
0.0752 µ Torr, boat voltage, current 20-30 V and
50 A was utilized. Film thickness was investigated
using DekTak3 Profilometer and was found to
vary from 55-95 nm. Fig. 1 shows the cross
section of p-CdTe/n-Si solar cell. Hetero-junction
solar cells were fabricated using the configuration
Au/Cu/CdTe /n-Si/Al.
2.2 Sample characterization
The crystal structure of grown films was
investigated using an X-ray diffraction (XRD)
system with CuKα source. The power output of
the solar cell was measured using Agilent 4155C
semiconductor parametric analyzer under AM1
condition. The SUSS PMS Analytical Prober was
used for device probing, since probe shield
protects the device from electromagnetic and
radio frequency interference. Tungsten probe tips
were used for probing devices.
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3. RESULTS AND DISCUSSION
3.1 XRD analysis
The XRD pattern of as deposited CdTe thin films
prepared by spray pyrolysis at a substrate
temperature of 350 º C is shown in Fig.2.
Polycrystalline CdTe films show the reflections
along [111], [220], [311] and [400} reflections
at 2 = 25.79 º , 38.69 º, 47.93 º and 55.75 º ,
respectively [19].The peaks labeled with star
markers correspond to CdTeO3 phase. Films
grown under air ambience showed a cadmium
telluride phase in addition to the cadmium
telluride.

*

Intensity (arb. units)

(111)

*CdTeO3

*

70
(220)
(311)

(400)

were estimated [20, 21]. The estimated average
grain size (DAG), microstrain (ε) and dislocation
density (δ) were found to be 172 nm, 2.1 x 10-4
lin-2m-4 and 3.38 x 1013 lin m-2, respectively. XRD
analysis indicates that the films are crystalline and
much less strained.
3.2. SEM analysis
The scanning electron micrographs (SEM) of as
deposited CdTe thin films produced by spray
pyrolysis at a substrate temperature of 350ºC are
displayed in Fig.3. The grain size of the films as
estimated from SEM studies was found to be
31.26 nm. Spherical, triangular and rod like nanostructures were observed in CdTe thin film SEM
patterns [CdTe (b)]. The grain size as observed
from SEM is different from the average grain size
that is reported from XRD. Similar kind of
discrepancies was reported by Korotcenkov et
al. (2005) [22] for SnO2 films prepared by spray
pyrolysis. The grains being a collection of small
crystals, TEM pictures may reveal the multi
nature of the grains.

35

20

40
2 ( deg.)

60

Fig.2. XRD patterns of spray pyrolized thin films.
The average grain size (DAG), microstrain (ε) and
dislocation density (δ) were calculated. The
average grain size was estimated using the
Scherrer formula,
0 . 94 
,
(1)
 cos 
where λ is the wavelength of X-ray (1.54 Å) , θ is
the Bragg angle and ω is the full width at half
maximum (FWHM) of the XRD peaks. The
microstrain (ε),
D

AG

 



 cos 
,
4

(a)

(2)

and the dislocation density (δ) defined as the
length of dislocation lines per meter3,

 

1
D

2
AG

,

(3)

(b)
Fig.3. SEM micrographs of spray pyrolized CdTe
thin films.
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3.3. EDAX analysis
The chemical composition of the as deposited
CdTe spray pyrolized thin films was determined
by Energy Dispersive X-ray Analysis
Spectroscopy (EDAX). From EDAX analysis, it
is found that the element weight % in CdTe are
(Cd -34.39 %, Te-65.61 %), respectively. No other
elemental impurities were detected in these films.
3.4. Isochronal and isothermal annealing
studies
Isochronal annealing studies were made on as
deposited CdTe thin films prepared by spray
pyrolysis technique on Si (100) substrates. The
studies were made by annealing films in air at
different temperatures ranging from 100 – 400º C
for a constant time of 30 min. The electrical
resistivity of these samples was then measured
by four point probe technique (Model 280). Plot
of sheet resistivity ρs of thin films at ambient
temperature (27ºC) as a function of annealing
temperature is shown in fig. 4 (a). From the plot
it is clear that the sheet resistivity of films found
to vary between 1.455 x10-2 &!cm - 1.423 x10-2
&!cm with increase in annealing temperature
from 27ºC to 400º C. From the study it is also
found that the sheet resistivities of films reach
lowest resistivity of 1.423 x10-2 &!cm at annealing
temperature of 4000 C. From the plot it is observed
that in films, there is rise and fall of sheet
resistivity with increase in temperature. This type
of behaviour is normally observed for disordered
materials. The rise in resistivity due to heat
treatment in air may be associated with decrease
in carrier density by filling up of oxygen vacancies
and fall in resistivity may be attributed to the
rearrangement and removal of defects as well as
improvement in the grain structure or crystallinity.
Isothermal studies were also made on as deposited
CdTe thin films by annealing at const ant
temperature of 400º C in air for duration ranging
from 15 - 120 min. Plot of sheet resistivity ρs of
thin films at constant temperature and as a
function of annealing time is shown in fig.4 (b).
From the plot it is observed that the sheet
resistivity reach lower value of 1.29 x10-2 &!cm
at 120 min (400ºC) for CdTe films. The obtained
films were of comparable quality of those
J. Electrochem Soc. India
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deposited elsewhere for use as absorbing layers
in solar cells.

Fig.4. (a) Plot of sheet resistivity ‘ρs’ of thin films
as a function of annealing temperature.
(b) Plot of sheet resistivity ‘ρs’ of thin films as a
function of annealing time.
3.5. Metal-Semiconductor-Metal studies
(Au-Cu) – CdTe – (Au-Cu), MSM studies were
made by probing on metal-metal contacts (inset
Fig.5) of Au/Cu/CdTe/n-Si/Al configuration
hetero-junction solar cells. The electrical
characterization of these films was made using
4155 C semiconductor parametric analyzer. The
I-V curve of the devices is drawn in fig.5. From
the I-V curve, it is observed that the current
increase exponentially with increase in forward
bias voltage. Under forward bias (I) current
flowing across a rectifying metal-semiconductor
contact in a p-n junction under bias V is usually
modelled as
,

(4)

Where
represents inverse thermal voltage,
kB is Boltzmann constant, n is ideality factor, T is
absolute Temperature, Is is reverse saturation
current and q is electronic charge.
The Saturation current Is is usually described
within the Thermoionic emission theory of
semiconductor as
,

(5)

Where A* is the Richardson constant, A is the
surface area of the diode and φb is the barrier
height or potential. From the plot, the electrical
parameters such as reverse saturation (dark)
current, ideality factor and barrier potential were
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evaluated using the equations (4) and (5). Estimated
electrical parameters are shown in Table-1.

-12.5
-15.0

ln I (A)

-17.5
-20.0
Au/CdTe/Au
Au/Cu/CdTe/Cu/Au

-22.5
-25.0
0.0

0.5
1.0
Voltage (V)

1.5

2.0

Fig.5. Plot of forward bias I-V curves.
Table 1 Estimated electrical parameters obtained
from I-V studies of M-S-M structures.
M-S-M
contact

Reverse Ideality Barrier
saturation factor potentialØb
current
n
eV
-2
Is Acm

Au /CdTe/Au

2.56 10-7 0.48

0.650

Au/Cu/ CdTe/
Cu/Au

2.7110-9

0.768

1.60

H.B.Bhuvaneswari et .al. [23] have used
theoretical formulae for estimation of electrical
parameters for zirconium nitride films. Lower
dark current ‘Is’ through the junction may be due
to the trapping of charge carriers inside the pinholes which are in plenty in spray deposited CdTe
films. (Au-Cu) – CdTe – (Au-Cu), MSM structure
found to possess lower reverse saturation current
compared to Au – CdTe – Au which may be due
to the higher value of barrier potential at the
interface. Au top metal layer is preferred over
ITO, since the lower reverse saturation current
has lead to increase in the open circuit voltage
[24] considerably at the hetero-junction.

3.6. Solar cell performance
The cells having effective area of 0.176 cm2 were
illuminated with 150 W halogen lamp. The I-V
characteristics were measured and plotted in fig.
6. The dark-light I-V characteristics of cells
namely Au (130nm)/Cu (18 nm150p C)/CdTe(5595nm)/n-Si/Al(150nm,150p C) have shown
excellent rectifying behaviour of hetero junction
solar cells. Fig.7 shows the I-V characteristics of
the hetero-junction solar cells under illumination
of 206 mW/cm2. For estimating interface states
at the CdTe/Si interface, The capacitance as a
function of frequency measurements were made.
The values of capacitance namely, CLF and CHF
were measured by 4155 C semiconductor
parametric analyzer. From these values of
capacitance, interface states (Nis) was estimated.
The total number of interface states due to
depletion and interface can be calculated from
the capacitance measured at low frequency while
the capacitance at high frequency is associated
with depletion only. A lower limit of interface
states Nis can be calculated from the relation
,

(6)

Where CLF and CHF are the capacitance at low (50
Hz) and high (1KHz) frequencies, respectively
[25].The estimated values of CLF, CHF and Nis were
found to be 7.74 nF, 5.84 nF and 6.74 1010Fcm2
eV-1, respectively. Larger number of interface
states at the junction confirms the existence of
large number of pin-holes at the CdTe-Si
interface.
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-6

2.0x10

interface recombination is the dominant
mechanism in these junctions. With illumination
of light on the junction, dark current as well as
ideality factor found to increase due to the
decrement in barrier potential at the interface. As
a function of thickness, dark current found to
decrease with enhancement of barrier potential.
However, 55 nm thick CdTe -Si performance is
quite inconsistent.
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Fig. 7. I-V characteristic of the heterojunction
solar cells with active area of (0.175 cm2) under
206 mW/cm2 illumination.

Voltage (V)

-5

-8.0x10

Fig. 6. Dark- light I-V characteristics showing
rectifying behaviour of hetero-junction solar cells
namely Au/Cu/CdTe/n-Si/Al
The estimated cell parameters under dark and
light conditions using fig. 6 are shown in Table2. The diode (ideality) factor ‘n’ of the cell was
found to vary from 0.64-10.82, confirming that

The estimated cell parameters using fig. 7 are
shown in Table-3. From the study it is observed
that the hetero-junction solar cells found to
possess higher series resistance, lower shunt
resistance, low short circuit currents (isc), low
open circuit voltages (VOC), small Fill Factors
(FF) and consequently low efficiencies (eff).
Shunt resistance may be due to recombination
along the grains and large numbers of defects in
spray deposited films. Lower shunt resistance not
only reduces light generated current but also the

Table 2 Cell parameters under dark and light conditions
Hetero-junction Solar Cell I0(Dark)µA

Øb (Dark) eV

nDark

I0(Light)µA

Øb ( Light ) eV

CdTe(55nm) /n-Si

19.12

0.655

0.998

27.51

0.646

10.82

CdTe(75nm) /n-Si

0.013

0.844

1.478

0.050

0.809

0.648

CdTe(95nm) /n-Si

4.76

0.691

1.173

7.535

0.679

2.910
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Table 3. Performance results of solar cells prepared by spray-deposition.
Vm
mV

im
μA

Voc
mV

isc
μA

FF%

Eff10-4 %

(Dark)
M&!

RShunt
(Light)
M&!

0.350

1.1

0.02

27

7.99

53

15.6

26.03

5.99

2660

110

84

133

-

-

-

-

-

-

1.07

1.52

3.75

0.01

29

2.50

60

4.83

25.01

2.01

Hetero-junction
solar cell

R Series
(Dark)
k&!

R Series
(Light)
k&!

CdTe (55nm)/n-Si

0.354

CdTe (75nm)/n-Si
CdTe (95nm)/n-Si

Shunt

open circuit voltage. Lower value of open circuit
voltage may be due to pinning of donor level of
n-Si at the CdTe/n-Si interface. Fill factor is found
to decrease with increase in series resistance of
the TiO2 films deposited in multi-cycle at the
junction. Higher series resistance may be due to
the total sum of resistances at the n-Si/p- CdTe
junction, (Au-Cu)- CdTe contact and (Au-Cu) as
well as Al metal contacts. Lower efficiency may
be due to the decrease in short circuit current, as
a result of increase in barrier potential at the
interface as a function of CdTe film thickness.
Lower short circuit current may be due to the
higher series resistance as well as trapping of
charges at the multi cycle deposited CdTe films.
The heat treatment process of the CdTe film
coated Si substrate seriously influences the
photovoltaic properties, due to the change of the
surface state of Si substrate by oxidation and
contamination. This may be one of the reasons
for the inconsistency [26] in the photovoltaic
properties of hetero-junction solar cells.

The capacitance-frequency study confirms the
existence of huge number of interface states due
to plenty of pin-holes at the CdTe-Si interface.
The influence of spray deposited CdTe film
thickness on the performance of hetero-junction
solar cells was made. The junctions exhibit
excellent rectifying characteristics. With increase
in the thickness of CdTe thin films from 55-95
nm, the power conversion efficiency (ž) found to
decrease from 0.00059-0.00020%. The estimated
cell parameters such as high series resistance, low
shunt resistance, low fill factor and efficiencies
could be attributed to higher interface states and
resist ivit ies in sprayed films. Better cell
parameters could be further obtained by
minimizing the spray cycles, improving the
quality of sprayed films, varying the absorber
thickness, reducing the resistivity of films either
by further annealing in air or vacuum, doping and
also by adjusting spray parameters.

4. CONCLUSION

The authors wish to thank Prof.K.N.Bhat for kind
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electrical characterization facilities. We are also
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of Chemistry, St. Joseph’s college (autonomous),
Bangalore for providing XRD facility. One of the
authors (R.Shashidhar) would like to thank
JSSMVP & Prof.Mrityunjaya V Latte, Principal,
JSSATE, Bangalore for kind support to carryout
research.

Cadmium telluride (CdTe) thin films of various
thicknesses were successfully deposited in a multi
cycle mode on Si (100) substrates at a temperature
of 350ºC by spray pyrolysis technique under
optimum conditions for the application as the
absorber layer for hetero-junction solar cells. The
structural, morphological and compositional
studies of these films were made by analyzing
XRD, SEM and EDAX. XRD patterns shows that
the films grown under air ambience showed a
cadmium telluride oxide phase in addition to the
cadmium telluride.SEM micrographs show
spherical, triangular and rod like nano-structures
in as deposited CdTe thin film. The resistivity of
spray deposited CdTe films were optimized by
performing isochronal and isothermal studies.
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