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bstract

Electrochemical behavior of zinc and polyaniline (PANI) electrode polymerized from 0.1 M HCl and 0.1 M aniline on graphite electrode, in
.2 M ZnCl2 and 0.50 M NH4Cl (chloride electrolyte) and with addition of 0.33 M Na-citrate (chloride/citrate electrolyte) were investigated. In
he chloride/citrate comparing with chloride containing electrolyte for the zinc electrode negative shift of the open circuit potential of 150 mV,

ecreases of exchange current density for more than order of magnitude and increase of cathodic Tafel slope, due to the zinc ions complexation, were
bserved. In citrate/chloride electrolyte zinc dendrite formation were completely suppressed. PANI electrodes show better discharge characteristic
n chloride/citrate electrolyte with determined maximum discharge capacity of 164 mAh g−1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Zinc–polyaniline (PANI) secondary cells has a lot of advan-
ages, in comparison with classical battery types (Cd|NiOOH,
b|PbO2, Zn|Ag2O, MH|NiOOH) and aprotonic cells (Li|C and
i|polymer). First advantage is ecological acceptability com-
aring with Cd|NiOOH or Pb|PbO2, second is relatively low
rice (Zn|Ag2O and MH|NiOOH), and third is uses of water
ased electrolytes (mainly ammonium chloride + zinc chloride)
1], that makes such cells much easier to manufacture than Li
ased one.

Up to now zinc–PANI batteries has not been commercialized
rom few main reasons. First reason is degradation process of
ANI at potentials more positive than ∼0.5 V [2,3], and second
s zinc passivation, which is possibly related to the formation of
he solid phases ZnCl2·3NH4Cl and ZnCl2·2NH4Cl on the anode
urface [4]. On the other hand, in chloride containing electrolytes

n electrodes form dendrites during charge–discharge cycles

5,6]. It results in decreased coulombic efficiency of batteries
nd charge life. Main reason for that are sort circuit provoked
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y penetration of dendrites through separator to cathode or for-
ation of the anodic slime.
It is well known that some organic anions can form complexes

ith the metal ions, that results much better quality of the metal
eposits and suppress dendrite formation [7]. Probably, the best
hoice will be oxalic anions, due to the small ionic radius, good
ANI doping–dedoping characteristics, etc. [8]. Unfortunately,
inc oxalate is an insoluble salt.

So, in this paper we investigated behavior of zinc and PANI
lectrodes in chloride containing electrolytes with addition of
itrate anions, which at pH ∼ 5 form an soluble zinc citrate
ZnCit]− complex with pKs value of 4.8.

. Experimental

Polyaniline was obtained from hydrochloric acid solution
0.1 M) with addition of 0.1 M aniline monomer (p.a. Merck,
istilled in argon atmosphere), at constant current density of
mA cm−2 on graphite electrode. Electrolytes containing 0.5 M

H4Cl, 0.20 M ZnCl2 and with addition of 0.33 M Na-citrate
ere prepared from p.a. grade chemicals (Merck) and bidistilled
ater. For all experiments three compartment electrochemical

ell, with platinum foil (S = 2 cm2) as a counter and saturated
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alomel electrode as a reference electrode at room temperature
as used.
The working electrodes, graphite (S = 0.64 cm2) and zinc

S = 2 cm2), were mechanically polished with fine emery papers
2/0, 3/0 and 4/0, respectively) and then with polishing alumina
f 1 �m (Banner Scientific Ltd.) on the polishing cloths (Buehler
td.). After mechanical polishing the traces of polishing alumina
ere removed from the electrode surface in an ultra-sonic bath
uring 5 min. The electrochemical measurements were carried
sing a PAR 273A potentiostat controlled by a computer through
GPBI PC2A interface.

. Results and discussion

In Fig. 1 comparison of zinc deposition–dissolution on
raphite electrode from chloride and chloride/citrate containing
lectrolytes are shown. As it can be seen from chloride elec-
rolyte, deposition processes starts at potentials around −1 V,
hought one well-defined peak, at −1.17 V, after at potentials
ore negative than −1.4 V proceed simultaneous zinc depo-

ition and hydrogen evolution reactions. In anodic direction,
inc dissolution occurs at potentials more positive than −1 V
hrough one pack and one shoulder. In citrate/chloride electrolyte
eposition–dissolution reaction is shifted for ∼0.15 V in nega-
ive direction and diffusion limited peak is two times smaller,
han in chloride electrolytes. This behavior could be explained
y zinc ions complexation and lowering of the free zinc ions
ctivity, as well as diffusivity of zinc citrate complex comparing
ith chloride electrolyte.
Slow potentiodynamic (v = 1 mV s−1) polarization curves

n chloride and chloride/citrate electrolyte on solid zinc elec-
rode are shown in Fig. 2. Open circuit potential, Eocp, for

inc electrode in chloride electrolyte where −0.997 V which
as ∼130 mV more positive than in chloride/citrate electrolyte,
ocp = −1.130 V. Determined Tafel slopes for the chloride elec-

rolyte were ±35 mV dec−1, and exchange current density,

ig. 1. Cyclic voltammograms of graphite electrode in (1) 0.50 M
H4Cl + 0.20 M ZnCl2 and (2) with addition of 0.33 M Na-citrate. Sweep rate
0 mV s−1.
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ig. 2. Slow potentionamic polarization curve (v = 1 mV s−1) in chloride (1)
nd chloride/citrate (2) containing solution on solid zinc electrode.

xtrapolated from intercept of Tafel lines with open circuit
otentials, was 0.38 mA cm−2. In the chloride/citrate electrolyte
nodic Tafel slope was ∼30 mV dec−1, and cathodic Tafel slope
108 mV dec−1. Exchange current density of 0.027 mA cm−2,
as more than one order of magnitude smaller than in chloride

lectrolyte.
In Fig. 3 micrographs of zinc deposits obtained from chloride

nd chloride/citrate electrolytes at a constant current density of
.5 mA cm−2 and with deposition charges of 10.5 mAh cm−2

re shown.
Deposition current density 3.5 mA cm−2, deposition time 3 h,

agnification 200×.
In chloride electrolyte, Fig. 3a, obtained deposits are prac-

ically completely dendritic, so potential risk of fast dendrite
rowth through separator, during the longer charging times,
nd formation of short circuits with cathode is permanently
resent. On the other hand in chloride/citrate electrolyte, Fig. 3b,
eposit is smooth without irregularities even in the edges where
ocal current density due to the current distribution phenomena
s higher than at the central surface. Such differences can be
xplained in the following way.

The classical expression for the steady state nucleation rate,
, is given by [7]:

= K1 exp

(
K2

η2

)
(1)

here K1 and K2 are overpotential, η, (η = E − Eocp) independent
onstants. Eq. (1) is valid for a number of systems regardless
f the value of the exchange current density for the deposi-
ion process. At one and the same deposition current density, j,
ecreasing j0 leads to an increasing nucleation rate and decreas-
ng nucleation exclusion zones radii [7]. The saturation nucleus
ensity, i.e., the exchange current density of the deposition pro-
ess, strongly affects the morphology of metal deposits. At high
xchange current densities, the radii of the screening zones are

arge and the saturation nucleus density is low. This permits
he formation of large, well-defined crystal grains and granular
dendrite) growth of the deposit. At low exchange current den-
ities, the screening zones radii are low, or equal to zero, the
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Fig. 3. Micrographs of the zinc deposits from (a) 0.20 M Zn

ucleation rate is large and a smooth surface film can be easily
ormed.

The overpotential and the current density in activation-
ontrolled deposition inside the Tafel region are related by

= bc

2.3
ln

j

j0
(2)

herefore, increasing bc and decreasing j0 leads to an increase
n the deposition overpotential at the constant current density.
t follows from all available data that the former effect is more
ronounced resulting in deposits with a finer grain size with
ecreasing value of the exchange current density.

This analysis explain differences in deposit morphology for
hloride and chloride/citrate electrolytes taking into account that
afel slopes are −35 and −108 mV dec−1, and exchange current
ensities are 0.38 and 0.027 mA cm−2, respectively. Hence, in

hloride electrolyte at 3.5 mA cm−2 deposition overpotential is
nly −30 V, while in chloride/citrate electrolyte is −220 mV.

Inset of Fig. 4 shows the galvanostatic curve for polymer-
zation of aniline from solution containing 0.10 M HCl and

ig. 4. Cyclic voltammograms of PANI electrode in (1) chloride and (2) chlo-
ide/citrate electrolyte (v = 20 mV s−1). Inset: galvanostatic curve for aniline
olymerization from 0.1 M HCl and 0.1 M aniline at 1 mA cm−2 on graphite
lectrode.
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0.50 M NH4Cl and (b) with addition of 0.33 M Na-citrate.

.10 M aniline monomer on graphite electrode at current density
f 1 mA cm−2 with polymerization charge of 0.3 mAh cm−2.
olymerization starts at potential of 0.75 V and proceed in the
otential range between 0.75 and 0.7 V. After polymerization,
lectrode was washed with bidistilled water and transferred in
he three compartment electrochemical cell with chloride or
hloride/citrate electrolyte. After transfer, electrode was con-
itioned at potential of −0.8 V for 600 s and cyclic voltammo-
rams in the potential range between −0.8 and 0.4 V were taken
s shown in Fig. 4. In anodic direction doping of the anions
ccur at potentials more positive than −0.2 V, with pronounced
eak at 0.15 V. In cathodic direction dedoping of anions occur
hrough one shoulder in the potential range of 0.4–0.05 V and
ne well-defined peak with the maximum at −0.1 V. Dedoping
f anions is finished at potentials of −0.4 V. Small differences in
he shapes of cyclic voltammograms between chloride and chlo-
ide/citrate electrolytes, could indicate that only chloride anions

re involved in doping/dedoping reaction.

Fig. 5 shows charge–discharge curves in chloride and chlo-
ide/citrate electrolytes at current density of 0.25 mA cm−2.
harging curves in both solutions are practically identical, but

ig. 5. Charge–discharge curve for (1) chloride and (2) chloride/citrate elec-
rolyte at current density of 0.25 mA cm−2.
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[9] A. Mirmohseni, R. Solhjo, Eur. Polym. J. 39 (2003) 219.
[10] J. Kankare, in: D. Wise, G.E. Wnek, D.J. Trantolo, T.M. Cooper, J.D.

Gresser (Eds.), Electrical and Optical Polymer Systems: Fundamentals,
ig. 6. Dependencies of the potential for different charge/discharge current den-
ity for PANI electrode.

ischarging curve in chloride/citrate solution have higher dis-
harge potentials and longer discharge time. Up to now we do
ot have explanation for that kind of behavior.

Dependences of the potential for different charge/discharge
urrent density for PANI electrode in chloride/citrate electrolyte
re shown in Fig. 6. Charging/discharging reaction, assuming
hat only chloride anions are involved, can be given with fol-
owing scheme [9]:

ANI + nCl
charge
�

discharge
PANI(Cl)n + ne (3)

harging reaction occur in the potential range between 0 and
.5 V (upper potential limit is taken to avoid degradation of
ANI film) with constant increase of the potential. Discharge
f the electrode occurs in the potential region between 0.35
nd ∼−0.2 V with average discharge potential of ∼0.15 V.
fter potentials more negative than −0.2 V diffusion limita-

ions provoke the sharp decrease of the potential. Tacking into
ccount that average discharge potential for zinc electrode is
−1.1 V, it can be calculated that average discharge voltage

or the zinc–PANI cell with chloride/citrate electrolyte will be
.25 V. This value is higher than open circuit potentials for
d|NiOOH or MH|NiOOH cells, and comparable with alkaline
n|MnO2 cell.

Charging/discharging characteristics of PANI film electrode
re affected with applied current density, mainly because chlo-
ide anions diffusion limitation through PANI film. In Fig. 7
ependence of capacity during discharge processes for different
ischarging current densities are shown.

Discharge capacity increase with decreasing applied current
ensity and for the limiting case when jd → 0, discharge capacity
as a value of 0.082 mAh cm−2.

Assuming the 100% current efficiency during the polymer-

zation of aniline and using the equations [10,11]:

= jt(Mm + yMa)

(2 + y)F
(4)

[

ig. 7. Dependence of charge (left) and specific charge (right) at different dis-
harge current density for PANI electrode in chloride/citrate electrolyte.

here m is the mass of the polyaniline polymerized with cur-
ent density j during the time, t, Mm and Ma are molar mass of
niline monomer and inserted, chlorine, anions, and y = 0.5 is
oping degree for emeraldine salt, it could be calculated that
ass of the PANI on graphite electrode was approximately

.5 mg. Hence, for the limiting case with discharge capacity of

.082 mAh cm−2 specific discharge capacity could be estimate
n 165 mAh g−1. In the range of investigated current densities of
.25–1 mA cm−2, specific discharge capacity was in the range
f 130–85 mAh g−1, respectively.
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[7] K.I. Popov, S.S. Djokić, B.N. Grgur, Fundamental Aspects of Electromet-

allurgy, Kluwer Academic/Plenum Publishers, New York, 2002.
[8] E. Erdem, M. Saçak, M. Karakişla, Polym. Int. 39 (1996) 153.
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