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Abstract

Mono-chloronitrobenzene (MCNB) is investigated as a cathode material for magnesium reserve batteries that use a magnesium anode and a
2 M magnesium perchlorate aqueous electrolyte. The composition of the conducting material (acetylene black) in the cathode mix is optimized
to obtain better electrochemical performance. The reduction mechanism of mono-chloronitrobenzene is examined by means of cyclic voltam-
metry using a glassy carbon electrode. Discharge studies at different current drains indicate that Mg–MCNB cells exhibit the highest Coulombic
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fficiency (86%) at a current drain of 100 mA. The reduction of MCNB to mono-chloroaniline is irreversible and diffusion-controlle
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. Introduction

Organic nitro compounds have been used as cathode de-
olarizers[1–4] in electrochemical energy devices due to the

act that they are capable of undergoing reduction that in-
olves 2–12 electron-transfer reactions compared with the
or 2 electron-transfer experienced with conventional inor-
anic cathode materials such as CuO, HgO, MnO2, etc.

Various organic compounds have been examined as
athode materials[5–15]. In addition, p-nitrotoluene,p-
itroaniline,p-nitrophenol,p-nitro-benzoic acid have been
valuated in terms of their performance as cathode de-
olarizers in magnesium reserve batteries[16–18]. The
resent communication describes the innovative use of mono-
hloronitrobenzene (MCNB) as a cathode depolarizer in con-
unction with magnesium AZ31 alloy as an anode in a reserve
attery configuration with a 2 M magnesium perchlorate elec-

rolyte. Cells are assembled and subjected to constant-current
ischarge at different discharge rates. The reduction mecha-
ism of the material is investigated by means of cyclic voltam-

metry (CV) using glassy carbon electrode. The overall r
tion of the cell may be written as:

2. Experimental

2.1. Chemicals

Mono-chloronitrobenzene (Fluka AG, Switzerland), m
nesium perchlorate (Loba/Chemie, AR), acetylene b
(AB) (Travancore chemicals) and magnesium AZ31 a
sheets (Elecktron Co., UK) were used.

2.2. Optimization of conducting material and discharge
studies
∗ Corresponding author. Tel.: +91 4565 227750; fax: +91 4565 227779.
E-mail address: deepika41@rediffmail.com (S. Gopukumar).

A Mg (AZ31) alloy sheet (size: 3 cm× 2 cm× 0.15 cm)
was used as anode. Organic compounds are non-conducting
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in nature [19]. Thus, in order to enhance the electronic
conductivity and surface area of the electrodes for bet-
ter electrochemical performance, mono-chloronitrobenzene
was mixed with acetylene black. One gram of mono-
chloronitrobenzene was mixed with varying proportions
of AB (0–70%) and 0.5–1 ml of carboxy methylcellulose
binder (2 wt.%). Each mixture was spread over a copper
mesh current-collector of the same size as that of anode
and pressed at 200 kg cm−2. The pressed cathodes were
wrapped with multilayers of cellophane separator. Parti-
cle size (20�m) and surface area (0.05 m2 g−1) measure-
ments of AB were undertaken. The cells were assembled
by placing the cathode between a pair of Mg AZ31 an-
odes and then discharged at a constant-current of 100 mA in
2 M aqueous Mg(ClO4)2 electrolyte. Duplicate experiments
were performed and displayed a reproducibility of±2%.
Some cells with the optimum quantity of conducting ma-
terial were discharged at higher current drains (100, 200, 300
and 400 mA).

2.3. Cyclic voltammetry studies

For cyclic voltammetry studies, MCNB was initially dis-
solved in small quantity of solvent and made up to different
concentrations in a supporting electrolyte. Cyclic voltammo-
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3. Results and discussion

The discharge behaviour of the Mg–MCNB cells at a
constant-current drain of 100 mA with different concentra-
tions of AB is shown inFig. 1. The cells without AB ex-
hibit a poor performance (0.1 Ah) due to the high internal
resistance that arises from the non-conducting nature of the
compound. Improved discharge characteristics are observed
with increasing AB content. This behaviour is caused by an
enhancement in the electronic conductivity of the cathode
mix that, in turn, decreases the internal resistance of the cell.
Further, the chain-like network of AB provides better water
retention and hence an improvement in the electrochemical
properties of the compound. Mg–MCNB cells with 50 wt.%
AB exhibits the best performance (0.85 Ah g−1). A reduc-
tion in the discharge characteristic is observed for cells with
60 and 70 wt.% AB. This decrease in the cell capacity is at-
tributed to masking of the active material.

The voltage versus current relationships for different com-
positions of AB are presented inFig. 2. The relationship is
indicative of the internal cell resistance. It is evident that
cells with 50 wt.% AB give a moderate slope even at higher
current drain (400 mA), which indicates a low internal re-
sistance. By contrast, the higher slopes for the cells with
AB compositions of 10 and 30 wt.% suggests a higher or-
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Fig. 2. Cell voltage vs. current relationship of Mg–mono-chloronitro-
benzene cells with different concentrations of acetylene black.
rams were run at different concentrations and sweep
etween 0 and 500 mV, and were recorded with a low-cu
odule electrochemical analyzer (model BAS 100A,
nalytical System Inc., West Lafayette, IN, USA) coup

o a digital plotter (DMF-40 Series Houston Instrument
ision) and a dot-matrix printer (Panasonic KX-Plosi,
SA).
The experimental cell was of a typical three-electr

lass design with provision for nitrogen purging. The stu
ere carried out at 28± 1◦C. A glassy carbon electrode e
edded in Teflon and with an area of 0.0707 cm2 was used a

he working electrode, together with an Ag/AgCl refere
lectrode and a platinum counter electrode. The refer
lectrode was connected through a salt bridge. The g
arbon electrode was polished with alumina micro cloth
min and then cleaned with distilled water. This treatm
as followed by ultrasonic cleaning to remove any resi
lumina particles from the surface. Finally, the electrode
ashed with acetone.
The mono-chlonitrobenzene was dissolved in 10% eth

olution and made up with 2 M Mg(ClO4)2 supporting elec
rolyte to the desired concentration. The CV profiles w
ecorded over the potential range−400 to−900 mV at vari-
us scan rates (5, 10, 20, 40, 80, 160 and 320 mV s−1). The
oncentration of the mono-chloronitrobenzene solution
aried from 2.5 to 20 mM. The reproducibility of the cyc
oltammograms was±2%, which was verified periodical
y recording the response under identical conditions.
ed nitrogen gas was bubbled into the cell before each
eriment.
ig. 1. Discharge behaviour of Mg–mono-chloronitrobenzene cells wit
erent concentrations (wt.%) of acetylene black at a constant-current
f 100 mA.
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Fig. 3. Discharge behaviour of Mg–mono-chloronitrobenzene cells under
different current drains.

der of ohmic polarization. The discharge behaviour of the
cells under different current drains, viz., 100, 200, 300 and
400 mA, is shown inFig. 3. The data reveal that the cathodic
polarization increases with increase in the current density
and results in a loss of cell capacity. The specific capaci-
ties (Ah), columbic efficiencies (%) and number of electrons
transferred (n) for Mg–mono-chloronitrobenzene cells at dif-
ferent current drains are listed inTable 1. At a current drain of
100 mA, the cell delivers 0.86 Ah, which corresponds to 86%
Coulombic efficiency and the transfer of the 5.16 electrons.
On increasing the discharge rate, however, the columbic ef-
ficiency drastically decreases to as low as 16% for a current
drain of 400 mA, which is equivalent to a transfer of less than
one electron. This severe decline in performance is attributed
to increased polarization of the electrodes, as is evident from
the results given inFig. 3. Also, it is quite interesting to note
the flat discharge profile around 1.0 V at a current drain of
100 mA.

Typical cyclic voltammograms for 10 mM mono-
chloronitrobenzene in 2 M Mg(ClO4)2 solution on a glassy
carbon electrode at different sweep rates are presented in
Fig. 4. A well-defined cathodic peak (ip) is observed at all
the sweep rates. The peak potentials (Ep) appear in the range
−550 to−650 mV for the different concentrations and sweep
rates. With increase in sweep rate and concentration, the peak
potential shifts towards the cathodic direction (more nega-
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Fig. 4. Cyclic voltammograms of 10 mM mono-chloronitrobenzene in
2 M Mg (ClO4)2 at various sweep rates: (a) 5 mV s−1, (b) 10 mV s−1,
(c) 20 mV s−1, (d) 40 mV s−1, (e) 80 mV s−1, (f) 160 mV s−1 and (g)
320 mV s−1.

Fig. 5. Plot ofip vs. γ1/2 for mono-chloronitrobenzene in 2 M Mg(ClO4)2

at various concentrations.

ear behaviour of these plots suggests that the reduction of
mono-chloronitrobenzene is a diffusion-controlled process.
Mono-chloronitrobenzene is reduced to mono-chloroaniline,
as illustrated inFig. 7.

Fig. 6. Plot ofip vs. C for mono-chloronitrobenzene in 2 M Mg(ClO4)2 at
different sweep rates.
ive values), which confirms the irreversible behaviour of
ompound. Plots ofip versusγ1/2 (γ = sweep rate) andip
ersusC (C = concentration) drawn from the cyclic volta
etry data are given inFigs. 5 and 6, respectively. The lin

able 1
apacities (Ah), columbic efficiencies (%) and number of electrons invo
uring reduction for Mg–mono-chloronitrobenzene cell at different cu
rains

urrent drain
mA)

Capacity
(Ah g−1)

Coulombic
efficiency (%)

Number of
electrons

00 0.86 86 5.16
00 0.60 60 3.60
00 0.30 30 1.80
00 0.16 16 0.96
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Fig. 7. Reduction mechanism of mono-chloronitrobenzene.

4. Conclusions

Mono-chloronitrobenzene has been investigated as a cath-
ode material for magnesium reserve batteries with a magne-
sium anode and a 2 M magnesium perchlorate aqueous elec-
trolyte. The organic material is mixed with acetylene black
to provide electronic conductivity. The optimum amount of
acetylene black is 50 wt.%. At this concentration, the Mg/2 M
Mg(ClO4)2/MCNB cell delivers superior performance. Dis-
charge studies at different current drains indicate that higher
Coulombic efficiencies (86%) are obtained at lower current
drain. Cyclic voltammetric studies suggest that the reduc-
tion behaviour of MCNB is irreversible and the reaction is
diffusion-controlled.
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