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The effect of nitrate ions on the electrodeposition of PbS semiconducting film:
electrochemical and surface analysis
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The aggressive effect of NOs™ ion, present in electrolyte solvent, on the electrodeposition of PbS film was studied by
cyclic voltammetry (CV), cyclic potentiodynamic polarization (CP), and electrochemical impedance spectroscopy (EIS)
methods. The CV curves confirmed that presence of NOs 0.1 M in the solution leads to a dramatic increase in
amplitude of current and considerable damage to the passive layer at breakdown potential (Ep) of 0.16 V/SCE. Cyclic
polarization studies revealed that lcor goes up from 44.08 pA/cm? to 551 nA/cm? as NOs™ concentration increases from
0.05 M to 2 M. However, 0.01 M NOs solution notably improved passivation of PbS thin films. The capacitive
semicircle with low R at medium frequency in the Nyquist plot, indicated structural change in passive layer (PbS film)
and pitting corrosion on its surface. X-ray diffraction (XRD) and scanning electron microscopy (SEM) were used to
investigate the aggressive behavior of NOs  and deformation of the surface.
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INTRODUCTION

Lead sulfide (PbS) is a well-known
semiconductor with a narrow band gap of 0.41 eV
and relatively large excitation Bohr radius®=. These
characteristics make it a basic industrial material.
Lead sulfide has been widely used in many areas
such as infrared detection applications, Pb2+ ion
selective  sensor, solar energy absorption,
photography, photo resistors, and diode lasers [1-3].

PbS thin film is deposited by various deposition
methods which are basically categorized into two
maintypes:

1) electrochemical [3-6] and

2) chemical [4-8] methods. Extensive research
has been devoted to production of PbS thin film by
various electrodeposition  techniques.  Unlike
routine deposition methods, electrodeposition
approach provides advantages such as operation at
ambient temperature and pressure [9, 10], low cost,
and easy control of thickness of the film [11].

So far several studies on the electrodeposition of
PbS in a variety of electrolytes have been carried
out [6] and considerable effort has been focused on
PbS propertiesin different media [12-15] using a
wide variety of electrochemical methods. However,
there arefew reports on the effect of electrolytes on
the PbS layer and its corrosion in aqueous media.
Semiconducting properties of PbS films are
adversely influenced by aggressive ions .PbS films
are susceptible to corrosion as PbS becomes
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oxidized. This process is depicted in the Pourbaix
diagram for the lead/water system [7, 12, 15].
Recently, the aggressive effects of NOs™ ions on
aluminum rods [16] and stainless steel [16] have
been studied. The aggressive nature of NO3™ in the
corrosion of Pb in different media has also been
reported [16-18].

In this work, we have studied the influence of
KNOs solution on deposition of PbS in sodium
sulfide medium and found its optimum
concentration. We investigate the effects of NO3s on
breakdown and structural change of the passive
film. Cyclic voltammetry, chronoamperometry, and
electrochemical impedance spectroscopy methods
were used to characterize the mechanism of this
process in detail. These studies were accompanied
by surface analysis methods, i.e. XRD and SEM
[19].

EXPERIMENTAL

Sodium  sulfide, potassium nitrate, and
potassium hydroxide used in this work were Merck
products of analytical grade and were used without
further purification. Electrochemical studies were
carried out in a conventional three electrode cell
powered by an electrochemical system comprising
of a potentiostat/galvanostat (EG&G, model 273A)
controlled by a PC through M270 and M398
software (GPIB interface), and a frequency
response analyzer (EG&G, model 1025). The
frequency range of 100 kHz - 10 MHz and
modulation amplitude of 5mV were employed in
electrochemical impedance studies. The working
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electrode employed in the present study was made
of very pure lead rod (purity 99.999%, w/w of Pb)
in shape of a cylindrical rod, welded to Cu wire for
electrical contact, and mounted to expose 1cm? area
to the electrolyte. Graphite as a counter electrode,
and a saturated calomel electrode (SCE) as a
reference electrode were used. Prior to each
experiment, the surface pre-treatment of the
working electrode was performed by mechanical
polishing of the electrode surface with successive
grades of emery papers down to 2000 grit. The
electrode was rinsed with ethanol and distilled
water and then was dipped in the electrolyte. All
the electrochemical experiments were performed at
room temperature.

XRD analysis was performed on X-Pert pro
MPD (PAN analytical) diffractometer with CuK a
radiation (A= 1.5406A") in the 20 range of 10 to 90°.

SEM images were created using the electrode
surface after potentiostatic polarization at the
potential of 0.55 V for 60s.SEM examinations were
performed by a TESCAN (model VEGA-TS
5136MM) electron microscope using various
magnifications to observe different aspects of the
surface.

RESULTS AND DISCUSSION

Cyclic voltammetry

The potentiodynamic studies of Pb electrode
were performed in three different solutions: 1) 0.1
M NazS, 2) 0.1 M NazS mixed with 0.1M KNOs,
and 3) 0.1 M Na,S mixed with 0.1 M NaOH. The
potential was swept from -2 to 2 V/SCE at the
sweep rate of 50 mV/s. The potential was then
swept back for a second time from 2 to -2 V/SCE at
the same rate. Fig. 1(a,a") presents the cyclic
voltammogram of Pb electrode in NaxS solution
with two anodic peaks at -0.2 and 1.3 VV/SCE. First
peak (A1) was observed in potential region of -0.4
to 0.2 V/SCE, (Fig. 1a’). This potential region is
related to oxidation of Pb to Pb*and formation of
PbS as reported by Yang et al*. Second peak (A2)
was in potential region of 0.4 to 1.4 V/SCE (Fig.
1a). Passive region is formed from -0.25 to 1.3
V/SCE. At potential of 1.3 V, the oxygen evolution
on the Pb surface leads to removal of PbS film from
the surface, which in turn prevents the passivation
of the electrode [20, 21]. Therefore, the second
anodic peak enhances passivity breakdown of the
layer at a certain potential (breakdown potential,
Ev) [14]. The cyclic voltammograms show that the
A, peak rises more upon addition of NOs™ than OH".
In contrast, A:; peak does not demonstrate
considerable change upon addition of either NOs
than OH-.
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These observations confirm that despite the
stability of the highly adhesive PbS film, formation
of PbO results in breakdown of the passive PbS
film [14].Since the solubility constant of PbS is
approximately 102 times less than that of Pb(OH)q,
(Ksp=1.42x102% formation of oxide layers is not
expected. XRD results confirm formation of PbO
and PbsO2(OH), layers. Reactions involved in
formation of PbO are described below?.

Pb+20OH ——Pb(OH), +2e , (1)

Pb(OH), —— PO+ H,0 @)

Fig.1b shows the effect of addition of NOgz
solution with different concentrations on the
passivation of PbS. Increasing the concentration of
NO; caused no significant change in the first
anodic peak, however, the second anodic peak
raised markedly. Upon addition of 0.01 M NOs
solution, the passive region spanned a relatively
wide range of potential. Upward shift of curve 2,
reflecting a slight increase in current density, is due
to higher conductivity of electrolyte solution. An
increase in nitrate concentration up to 0.05 M
created an E; at 0.41 V/SCE and caused the anodic
current to increase. Further increase in the NOsz
concentration caused Ep to shift to more negative
potentials (E»,=0.16 V/SCE in 0.1M). The current
density increased as well.

In 0.01 M and 0.05 M NOs solutions the
cathodic curve was found at higher current density
level than the anodic curve (Fig. 1b’). In contrast, in
0.1 M NOs solution the cathodic curve was found
in lower current density level than the anodic curve.
This difference indicates that the passive layer was
significantly damaged at nitrate concentration 0f0.1
M [16, 22].

Formation of a large anodic peak with a high
current density level in the potential range between
PbS formation potential (-0.2V/SCE) and O
evolution potential (1.3V/SCE) indicates the

aggressive effect of NO3; on PbS passive layer

(Fig. 1b). This effect is further confirmed by the
displacement of E, potential toward formation
potential of PbS, and conversion of the anodic
peaks to a single peak. Lower value of
repassivation potential (Eep) compared to
breakdown potential (Es) indicates cessation of pit
growth in PbS passive layer, and formation of lead
oxide and lead hydroxide compounds in PbS film
layer [23].

In order to recognize the effectiveness of NOs
in causing pits in the film layer, breakdown
potential versus the logarithmic concentration of
NO;z was plotted (Fig. 1c). The aggressive behavior
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of a given anion is more prominent if the curve
representing equation (3) is close to a straight line
[22, 24]. The value of B for NOs was 0.526.The
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Fig. 1. Cyclic voltammograms for Pb electrode (a) in three different media with scan rate of 50 mV/s (b) in solution
containing Na2S and different concentrations of 0.0 — 0.15 M (c) in 0.1 M Na2S + 0.1 M KNO3 mixed solution at
different scan rates of 5, 50 and 200 mV/s (d) Plot of pitting potentials versus log [ ]

A and B are constants and Cy is the
concentration of aggressive ion. E,, critical

breakdown potential, is th potential above which
film breakdown occurs [23-25].

The influence of scan rate (5, 50, and 200 mV/s)
on the potentiodynamic polarization curves of Pbin
a solution withNa,S concentration of 0.1 M and
KNOs concentration of 0.1M was studied. As scan
rate increased, the anodic peak current density (ip)
shifted toward more positive values (Fig. 1d) and
the potential value of A; peak shifted toward more
negative values (Fig. 1d’).

Aspeak in Fig. (2a) shows the formation of PbS
in the Na,S solution. With increasing scan rate, i,
went up. Nevertheless, the PbS formation peak in
Na,S+KNO; solution (A1) did not exhibit a
significant change. In reverse scan, reduction
peaksC; (-0.8 V/SCE) and C, (-1.3 V/SCE) were
generated by reduction of compounds were
oxidized in A, and A, respectively. As the scan
rate increased, C; tended to overlap with C; to
make a single peak. This overlap is thought to be

due to rapid formation of a solid layer of PbS
(Ks=3.0x10728) according to the following reaction:

Pb+S* ——PhS+2e (4)
Fig. (2a") shows the linear dependency of anodic
peak current density (i,) on the square root of scan

rate (v?) [26]. Fairly straight lines with correlation
coefficients of 0.98were been obtained suggesting
that diffusion of reacting species dominantly
control the kinetics of anodic processes [27].

Chronoamperometry studies

The pitting corrosion effect of NOs can be
related to the adsorption competition between NO3z
and S ions on the PbS surface sites. We attempted
to verify this assumption by applying potentiostatic
methods at the potential of the second anodic peak
(0.55 V/SCE) for 60 s.

Fig. (2b) shows the chronoamperograms of lead
electrode in three different electrolytes. Curves 1
and 2 show a decreases in current density. The
reason is nucleation of the passive layer [28] and
continued S* flux. This nucleation process led to
thinning of PbS layer. In other words, the oxidation
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process was overtaken by slow mass transfer to the
surface. The current densities in curves 1&2 are
smaller than that incurve 3 due to mass transfer
limitations of different electrolytes. An increase in
the current density in the presence of NOs as an
aggressive anion (curve 3) corresponds closely to
passivity breakdown of the passive film at early
stages of the process (pit growth time) [29]. The
passive layer was partially re-established.
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Polarization gradually caused a decrease in current
density according to the ohm law, V= IR, where R
is the electrical resistance of the electrolyte plus
any passive film inside of pit region. IR drop was
thus related to the potential difference between the
pit bottom at metal interface and the passive surface
[16]. Fluctuations of corrosion current in curve 3
confirmed that the flaws were present in the film.
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Fig. 2. (a)Cyclic Voltammograms for Pb electrode in 0.1 M Na2S solution between -1.5 and 2 V/SCE at different
scan rates of 5, 50 and 200 mV/s.(b) Chronoamperograms of lead electrode in different electrolytes, Eapply=0.55.
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Cyclic potentiodynamic polarization

Fig. (3a) shows the cyclic polarization curves of
the potentiodynamically deposited thin film layers
on thePb electrode in three different electrolytes. In
all cases, the cyclic polarization curves were swept
between -700 to 750 mV with 10 mV/s scan rate.
The cyclic polarization curve of 0.1 M Na.S
solution exhibited the corrosion potential (Ecorr) OF -
668 mV/SCE and corrosion current density (lcor) Of
30.44 uA/cm? The cyclic polarization curve of 0.1
M Na,S+0.1 M NaOH solution yielded Ecor 0f -674

mV/SCE and leorr of 81.12 pA/cm?. In 0.01M NO;

solution, Ecor and leor were -647mV/SCE and
44.08uA/cm?, respectively.

These data show an increase in leorr Which was
not due to pit formation on the surface of PbS layer.
Based on [16], we concluded that incorporation of
water molecules into the PbS passive film formed
concentration gradients across metal-film and film-
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Fig. 3. Cyclic polarization curve of PbS in different media (a) without aggressive effect (b) with aggressive effect.

solution interfaces. These gradients caused flaws in
the passive layer which increased the critical
current density from iy to i2 [30], (Fig. 3a).

Upon addition of 0.01 M NOs solution to Na,S
solution, NOgs™ ions help to distribute the current,
generated in the flaws, all over the passive film.
Thus, a film forms on the uniformly polarized
surface at higher potentials. An increase in
concentration of NOs to 0.05M makes the passive
film unstable (Fig. 3b). This can lead to localized
corrosion on the PbS surface. Dissolution of
passive layer advances a flaw to a pit [16]. Upon
addition of 0.1 M NOsz solution, Ecor and leor
measured -658 mV/SCE and 0.15 mA/cm?,
respectively. Value of I, in case of addition of
NO;z to Na,S solution was 2 to 5 times larger than
addition of OH". An increase in the value of pitting
current density (lpi) confirms that the film did not
have a stable passive state. The corrosion,
passivation,  breakdown, and re-passivation
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parameters are calculated by the cyclic polarization
method and are summarized in the paper.

The 0.1M solution of OH" showed a large
hysteresis loop (Fig.3a). Crevice corrosion did not
propagate immediately after corrosion initiation at -
118 V which resulted in surface polarization
andsubsequent formation of passive layer on the
surface. This layer was found to be compact and
favorable because it contains Pb(OH), formed
according to the following reactions:

%02+H20+2e—>20H' , 5)

Pb* +20H —— Pb(OH), (6)

Moreover, hysteresis loop was larger in 0.1 M
OH- curve (Fig.8) than 0.1 M NOs curve (Fig.3b).
This observation indicates that NO3™ causes a larger
increase in the current, although the conductivity of
NOs and OH-are close.

Electrochemical impedance spectroscopy

Typical Nyquist and Bode-phase plots are
presented in Fig. 4a,b. Curve 1 is plotted forthe Pb
electrode in the Na,S solution. It has one capacitive
loop with a resistance value of about 400 Q.cm™
against the charge transfer process for deposited
PbS film. Value of charge transfer resistance was

found to be very large when the OH™anions were
added to NazS solution (Nyquist plots, curve 2)
which was due to the formation of stable and
compact passive film in the solution. This result is
in accordance with the cyclic polarization studies
(Fig. 3a).In the corresponding Bode-phase plot
(Fig. 4b, curve 2) the capacitive response was
observed with 60 degree phase angle in the
intermediate frequencies. Addition of NO; ions
resulted in two overlapping capacitive loops (curve
3).At high frequencies, semicircle of NOs solution
curve was smaller than those of NOs-free solution
and NOs;+OH" solution which was owing to
decreased stability of passive layer and increased
porosity of the film. Nitrate ions penetrated the
passive film [31] and caused structural changes in

the surface which in turn led to a remarkable
decrease in diameter of the semicircle (Rc). Nitrate
anions were then adsorbed on the film-solution
interface at OCP. This behavior is shown in the
Bode-phase spectrum (Fig.4b, curve 3) with the
phase value of 20 degrees in high frequencies. The
PbS layer was then removed and lead oxide layer
was formed. Small values of second charge transfer
resistance (25 Q.cm?) and phase (10 degrees)
indicate low resistivity and high permeability of the
passive film which is owing to the formation of
lead oxide. In addition, the presence of one
inductive loop at low frequency range indicates that
the pitting process occurred on the surface after
passivation process [32].However, [33] mentioned
an inductive loop associated with the synchronized
adsorption«<desorption process (i.e. adsorption of
lead oxide <> desorption of lead sulfide).Our
experimental data revealed the aggressive effects of
NOsculminating in structural change and pitting
corrosion of passive layer (PbS film) .

Nitrate, as a chaotropic anion [34] with a weak
electric field, can become adsorbed on or even
penetrate into the film-solution interface.
Hydroxylic ion is a chosmotropic anion with a
strong electric field at short distance [35].
Therefore, OHwas less likely than NOsto be
adsorbed on the passive film-solution interface
which resulted in generation of more cation
vacancies that migrate to the metal-film interface
[36].

X-ray diffraction studies

Fig. 5 shows XRD pattern of the product
prepared potentiostatically on the Pb surface ina
0.1IM Na,S + 0.1M KNOssolution in 60 s. The
XRD pattern demonstrated the presence of H2Pb3O4
with tetragonal structure (JCPDS card no.77-1895),
PbO with orthorhombic structure (JCPDS card
no.77-1971), and PbS with cubic crystal structure
(JCPDS card no.78-1057). PbO was detected in the
passive layer according to the XRD pattern of the
film (Fig.5).
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Fig. 5. XRD pattern of potentiostatically oxidized Pb electrode in 0.1 M Na,S+0.1 M KNOj3 solution at 0.55 V/SCE.

Reduction of NOs™ is thermodynamically easier
than Pb?* in the potential used in our experiment
(0.55 V/SCE) because of the fact that reduction

potential of NOs [E,, . (0234 VISCE)] is
3 2

more positive than that of Pb?* [E

VISCE)].

Reduction of NOs™ leads to the formation of OH-
according to the following reaction,

NO;+H,O0+e —» NO, +20H" (7

OH- ions and PbZ?*ions were generated at the
same time on the surface of anode and cathode
respectively. When direct current passed through
the electrochemical cell, Pb?*ions reacted with OH-
ions to production of Pb(OH),, which was then
hydrated to form PbO [16].

o

Pb2*/Pb (-0.36
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SEM and morphology of surface

Obtained SEM images (Fig. 6) showed the
morphology of the passive film on the Pb surface
after potentiostatic treatment in three different
solutions: 1) 0.1 M NazS, 2) 0.1 M Na.S mixed
with 0.1 M KNQOg, and 3) 0.1 M NazS mixed with
0.1 M NaOH. Bare surface of Pb was scanned by
SEM (Image a). Electrochemically treated surface
of Pb in the pure solution of Na.S had an uneven
surface with no evidence of pitting is observed
(Image b). Upon addition of NOs™ to NaxS solution,
the entire surface of the electrode was damaged and
covered with irregular holes (Images c, €). A hole
of testicular shape and 5.3x3.5 um diameter was

observed (Image 9). pps surface had superficial
defects in case of OH- solution (Images d, f),
whereas the surface was observed to have clear

holes in case of NOs™ solution (Image e). The effect
of NOs™ on the pitting corrosion of passivated thin
film was clearly demonstrated in the SEM images.
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Fig. 6. SEM images of Pb surface (a), and Pb surface after potentiostatic polarization at 0.55 V/SCE for 60 s in 0.1M
NazS (b), 0.1 M Na;S+0.1 M KNO;s (c,e,g) and 0.1 M Na,S+0.1 M NaOH (d,f) solutions.

CONCLUSIONS

Potentiodynamic polarization of nitrate-free
solution exhibited two anodic peaks corresponding
to the formation of PbS and oxygen evolution.
Addition of NO3™ ion caused these peaks to merge
and induced abrupt increase in current density. This
increase is related to more aggressive behavior of
NOs in compared with that of optimum
concentration of NOs™ was obtained to be 0.01 M.
An increase in the concentration of NOs™ in sodium
sulfide solution to values larger than the optimum
induced pitting attack at a certain potential (Ep;).
The pitting corrosion of PbS increased with
increasing NOs concentration. Chrono-
amperometric studies revealed an IR drop at the

bottom of pit at pit growth initiation. XRD pattern
showed deformation of passive film due to
aggressive behavior of NOs ions. Three-phase
mixture of H.Pb3O4 PbO, and PbS and presence of
pits on the electrode surface were also confirmed
using XRD.
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