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Benzotriazole Encapsulated
Nanocontainer-Based Self-healing
Coatings for Corrosion Protection
of Mild Steel

Aarti Gautam , K. R. C. Soma Raju , K. V. Gobi , and R. Subasri

1 Introduction

Mild steel is one of the extensively used materials in industrial sectors because of
its ease of availability and low cost. Mild steel is regarded as one of the desired
materials for construction because of its excellent mechanical properties such as
ductility, tensile strength, etc. [1]. The presence of low carbon content makes it
more efficient to be used in areas where high-temperature conditions are required.
Mild steel is highly malleable and hence finds its use in oil and pipeline industries.
However, it is prone to get oxidized and to undergo corrosion as soon as it comes in
contact with air, moisture, acids, etc., and all these could lead to changes in physical
appearance, reduced mechanical strength, and structural deformation, which could
cause severe accidents [2].

Hence, protection is necessary to prevent the surface frombeing corroded.Hexava-
lent chromate conversion coatings (CCC) and phosphate coatings are effective for
protecting the metal surfaces, as they impart excellent corrosion resistance proper-
ties and are cost-effective [2, 3]. Even though they are considered the best protection
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methods, they are restricted for further use hereafter due to their toxicity and carcino-
genic nature [4]. The most promising alternate method is the use of hybrid organic
and inorganic silane-based sol–gel coatings [5]. Sol–gel coatings are highly stable,
eco-friendly, and possess good adhesion and barrier properties, and they require only
simple curing at relatively low temperatures [6]. Even though the sol–gel coatings
form thick and homogeneous coatings on the metal substrates, these coatings get
damaged and lose their barrier properties during long exposure times to aggressively
corrosive media [7]. To overcome this drawback, imparting additional functionality
to such simple, stable and easy-forming hybrid sol–gel coatings is highly preferred.
Incorporation of corrosion inhibitors into sol–gel coatings is a recent strategy to
produce self-healing coatings, which possess enhanced barrier properties for a longer
duration in addition to anticorrosion properties [5]. In order to fabricate self-healing
coatings, the self-healing agent can either be added directly into the matrix sol or
nanocontainers entrapped (sealed) with corrosion inhibitors can be added into the
sol–gel matrix. The direct addition of corrosion inhibitors can cause an excess of
leaching, leading to unwanted reactions with the matrix. Hence, encapsulation is
the better alternative. Nanocontainers encapsulated with corrosion inhibitors show
controlled release and avoids excess leaching [8].

Different kinds of nanocontainers such as layered double hydroxides, layer-by-
layer polyelectrolyte shells, nanoclays such asmontmorillonite andhalloysite, carbon
nanotubes, polymeric nanocontainers, etc. have so far been investigated [9, 10].
Halloysite nanotubes (HNT) are widely used nanocontainers because they are easily
available, eco-friendly, and cost-effective. Halloysite nanotubes are naturally occur-
ring aluminosilicates, Al2Si2O5(OH)4.2H2O, having a hollow lumen for easy entrap-
ment of corrosion inhibitors. Halloysite nanoclay has a layered structure consisting
of one alumina sheet and one silica sheet, as shown in Fig. 1a [11].

Fig. 1 Schematic of expected autonomic-healing process: a BTA encapsulated in HNT, b BTA
encapsulated in LbL nanocontainers
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Layer-by-layer (LbL) polyelectrolyte shell-based nanocontainers are also
promising materials for entrapping the corrosion inhibitor within the polymeric
shells. LbL approach involves the use of nanoparticles as a support system onto
which polyelectrolyte layers of opposite charges are deposited. Corrosion inhibitors
are entrapped in between the layers for their controlled release and thus provide more
stability to the coating matrix, as depicted in Fig. 1b [12, 13].

The purpose of this research work is to examine the anticorrosion and self-healing
behavior of eco-friendly hybrid sol–gel matrix dispersed with benzotriazole (BTA)
encapsulated into two different types of nanocontainers, namely HNT and LbL poly-
electrolyte shell. The encapsulation of BTA into different types of nanocontainers
depends on the charge of the BTA molecule. Being an anionic inhibitor, it can bind
easily with the hollow lumen of HNT which is positively charged because of the
presence of the alumina layer inside. A similar effect is seen when BTA is loaded
into LbL nanocontainers where BTA is entrapped in between the polyelectrolyte
layers based on charge difference [14]. The effects of encapsulation of corrosion
inhibitors dispersed into the sol–gel matrix on its barrier and mechanical properties
are analyzed and discussed.

2 Experimental

2.1 Materials

For the synthesis of hybrid silane-based sol–gel matrix (3-Glyidyloxypropyl)
trimethoxy silane (GPTMS, Alfa Aesar, Assay-97%) and tetraethyl orthosilicate
(TEOS, purchased from Sigma Aldrich, USA, Assay-98%) precursors were used.
Halloysite nanoclay (HNT, Sigma Aldrich, USA) was used as an encapsulating
agent for corrosion inhibitors. Anionic polyacrylic acid (PAA) and cationic poly-
diallyl dimethyl ammonium chloride (PDADMAC) (Sigma Aldrich, USA) were
used as the polyelectrolyte layered nanocontainers on Fe2O3 nanoparticles (supplied
by Sigma Aldrich, USA) for encapsulating the self-healing material. Benzotriazole
(SRL, Purity-97%) was used as self-healing material in both HNT and LbL nanocon-
tainers. For coating deposition, mild steel coupons of dimensions 2.5 cm× 2.5 cm×
0.3 cm were used. The chemical composition of mild steel was found to be C: 0.18
wt%, Mn: 0.58 wt%, Si: 0.25 wt%, P: 0.018 wt%, S: 0.037 wt% and Fe: balance.

2.2 Preparation of Assembled Hematite-based
LbL Nanocontainers

Standard polymer solutions of PAA and PDADMAC were prepared by dissolving
polymer solution in deionized water of concentration 10 mg/mL. For layer-by-layer
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assembly, PAA and PDADMAC were adsorbed on hematite particles at a concen-
tration of 0.1 mg/mL. The first negatively charged layer of PAA was deposited on
hematite particles by centrifuging at the speed of 6000 rpm for 15 min. The obtained
powder was then re-dispersed and stirred in 0.1MNaCl solution for 10min and soni-
cated for 1 min in order to remove loosely bound particles. A similar procedure was
followed for deposition of BTA (2 g/100 mL) which was followed by the deposition
of the second layer of PAA. The fabrication of nanocontainers was terminated using
a cationic polyelectrolyte layer of PDADMAC. The pH of all the solutions during
the fabrication was maintained at 5.5 [14].

2.3 Loading of BTA in HNTs

For the synthesis of inhibitor-loaded HNT, 357 mg of BTA was added to 0.1 L of
isopropyl alcohol (IPA) and subsequently, 5 g of HNT was added. The mixture was
stirred for 20min and evacuated at room temperature for 3 h. The obtained suspension
was collected by centrifugation followed by oven drying at 50 °C for 20 min [15].

2.4 Sol Preparation and Coating Procedure

Matrix sol was synthesized by hydrolysis of GPTMS with TEOS in a mole ratio
of 3.5:1 using hydrogen chloride (HCl) as catalyst followed by the addition of an
optimized amount of self-healing agent. The sols were named as matrix (only for
matrix sol), BLLS (loading the sol with BTA entrapped LbL nanocontainers), BS
(loading the sol with BTA), BHS (loading the sol with BTA encapsulated HNT).
For polishing the mild steel (MS) coupons 1000 grade sandpaper was used and was
degreased using acetone in an ultrasonicator for 15 min. A dip-coater (EPG GmbH,
Germany) was used to generate the coatings at a withdrawal speed of 0.1 cm/s and
was cured at 130 °C for 60 min in a drying oven.

2.5 Characterization and Testing

Surface morphology and elemental composition of as-received hematite nanopar-
ticles, HNT, and inhibitor-loaded nanocontainers were investigated using ZEISS
Gemini 500 scanning electron microscope equipped with energy-dispersive X-
ray spectroscopy (EDS) attachment. X-ray diffraction (XRD) was performed for
as procured hematite nanoparticles using X-ray diffractometer (Bruker AXS D8
Advance, USA) in the 2θ range of 6°–100° with a step size of 0.1°. Zeta potential
measurements for each deposited polyelectrolyte layer for LbL nanocontainers were
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carried out using Zetasizer (MALVERN AT-0050007) instrument. Coating thick-
ness was measured using gauge PosiTector® 6000 (De Felsko Corporation, USA).
Multi-hatch gauge (BEVS 2203, China) according to ISO standard 2409 was used
to perform the adhesion test and the substrates were then observed under an optical
microscope (Olympus BX51M).

Electrochemical impedance and polarization studies for bare as well as coated
mild steel coupons were carried out using the electrochemical analyzer from CH
Instruments (Model CHI 604E, USA). The electrochemical cell consists of a three-
electrode system with a saturated calomel electrode (reference electrode), platinum
electrode (counter electrode), and the metal surface (working electrode). AC signal
of 0.01 V amplitude was applied with frequency ranging from 100 kHz to 0.01 Hz to
record the electrochemical impedance data. The bare and coated MS coupons were
immersed in corrosivemedia of concentration 0.6mol/L for 1 h before performing the
polarization studies. A potential of ±300 mV was applied in accordance with open
circuit potential at a scanning rate of 1 mV/s for conducting polarization measure-
ments. The electrochemical impedance and polarization data were examined with
the help of ZSimpWin and CH604E software. The salt spray test was performed
by exposing the scribed coated and uncoated MS coupons to a highly corrosive
environment for 24 h based on ASTM B117.

3 Results and Discussion

3.1 Scanning Electron Microscopy Analysis

SEM analysis for as-received α-Fe2O3 nanoparticles, corrosion inhibitor-loaded
LbL nanocontainers, as procured halloysite nanotube and inhibitor-loaded halloysite
nanotube was carried out. Elemental composition was determined using EDS. The
FESEM image shown in Fig. 2 for as-received α-Fe2O3 nanoparticles reveals that
the particles are in clusters having spherical structures with an average diameter of
30 nm. Fe andOwere found as constituent elements from the EDS data as depicted in
Fig. 2. Thepolyelectrolyte layer depositedα-Fe2O3 nanoparticles show large agglom-
erates of approximately 200 nm diameter, and EDS analysis indicates the presence
of Fe, O, C, Na, Cl, and N confirming the formation of BTA entrapped polyelec-
trolyte layers on α-Fe2O3 nanoparticles. FESEM analysis of as-received HNT shows
that the nanoclay has a tubular structure with transparent hollow lumen, and the
elemental analysis reveals the presence of Al and Si elements in larger proportions.
The inhibitor-loaded HNT shows denser and darker tubular structures, confirming
the loading of BTA in the hollow lumen of HNT. Further, the elemental composition
determined by EDS analysis shows the presence of Al, Si, C, and N, confirmed the
entrapment of BTA in HNT.
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Fig. 2 FESEM images and EDS profiles: a, b Fe2O3 nanoparticles; c, d BTA entrapped poly-
electrolyte layers deposited α-Fe2O3 nanoparticles; e, f HNT clay; g, h BTA encapsulated HNT
nanoclay

3.2 X-Ray Diffraction

The XRD pattern for as-received α-Fe2O3 nanoparticles is shown in Fig. 3. The
XRD analysis shows the intense peak at the 2θ value of 35°, indicating that the
crystal structure of α-Fe2O3 is tetragonal, according to the International Centre for
Diffraction Data (ICDD File no. 04-014-7214).
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Fig. 3 XRD pattern for as-received Fe2O3 nanoparticles

3.3 Zeta Potential and Electrophoretic Mobility
Measurements

Zeta potential and electrophoretic mobility were carried out for α-Fe2O3 nanoparti-
cles along the several stages of stepwise depositions of polyelectrolyte layers using
the Zetasizer instrument. Zeta potential values of α-Fe2O3 nanoparticles at all stages
were found to be in the range of ±15 to ±30 mV, thereby confirming that the
particles are highly stable without the formation of any agglomerates. The elec-
trophoretic mobility confirmed that the α-Fe2O3 nanoparticles were found to be
positively charged (Fig. 4). The negative electrophoretic mobility for PAA layer
deposited nanoparticles confirmed that the negative surface charge surrounds the
nanoparticles, confirming the firm deposition of the PAA layer on α-Fe2O3 nanopar-
ticles. Entrapment of BTA on the PAA layer decreased the negative charge mobility
values. The loosely bound particles of BTA were removed by depositing a second
negatively charged layer of PAA. With the further deposition of a second PAA layer,
the electrophoretic mobility value became a little more negative. The nanocontainers
were terminated using the cationic polyelectrolyte layer of PDADMAC, and hence
the electrophoretic mobility for this layer was found to be positive, as depicted in
Fig. 4. The zeta potential measurements confirmed that the surface charge of each
deposited layer was in accordance with the charge of each layer and the particles are
stable in nature. The observed results of zeta potential and electrophoretic mobility
studies supported the stepwise deposition of polyelectrolyte layers and the fabrica-
tion of LbL nanocontainers, and the results are in good agreement with the literature
report [14].
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Fig. 4 Comparison of
electrophoretic mobilities of
each deposited layer

3.4 Thickness and Adhesion Measurements

The thicknesses of matrix, BS, BLLS, and BHS sol–gel coatings were found to
be in the range of 6–8 microns. Adhesion test was carried out using a multi-hatch
gauge where crosshatches were marked manually. The images obtained using an
optical microscope before and after the adhesion test are shown in Fig. 5. For all the
coatings, the adhesion test showed that no coating was removed from the corners of
each intersection point of the crosshatch. The corners and edges of the squares were
smooth. Hence, the observations confirm that all the coatings possess good adhesion
properties with the substrate in accordance with the ISO standard 2409, where such
types of coatings are classified into 0 class (means 0% removal).

3.5 Electrochemical Impedance Spectroscopy (EIS)
and Potentiodynamic Polarization Studies (PPS)

EIS along with PPS was conducted for bare and coated MS substrates exposed
to 0.6 mol/L NaCl solution for 1 h. The data obtained after the electrochemical
measurements were studied using two different equivalent electric circuits, shown
in Fig. 6. The equivalent circuit impedance parameters are Rs (resistance due to
solution), CPEcoat (capacitance due to coating) Rcoat, (resistance due to coating),
Cedl (capacitance due to electrical double layer), and Rct (resistance due to charge
transfer). Figure 6a conveys the equivalent electric circuit that fitted best for bare
substrate, where Rs is connected in series with CPEedl and Rct which are in parallel
with each other. In order to obtain the EIS parameters for coated substrates with and
without encapsulating BTA into the nanocontainers, the equivalent electric circuit
shown in Fig. 6b fitted best. Here, the Rs is in series with CPEcoat parallel to Rcoat,
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Fig. 5 Tape adhesion test images of different coatings a, b matrix sol, c, d BS, e, f BLLS, and g,
h BHS coupons

Fig. 6 Equivalent electric circuits for a bare and b coated coupons
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which are in series with Cedl parallel to Rct. Since the Nyquist plot obtained deviates
from the standard semicircle shape, the CPE (constant phase element) was used
instead of a pure capacitor for all the circuit fittings. Presence of intrinsic surface
non-uniformity of mild steel is responsible for the non-ideal nature of the electrical
double layer. The pseudocapacitance value can be obtained using the formula:

C = (Qo ∗ R)
1/n

(
1/
R

)

where C is pseudocapacitance in F/cm2,Qo is constant phase element in S-secn/cm2,
n is frequency factor and R is resistance in �.

The Nyquist plots obtained after 1 h exposure to NaCl solution of concentration
0.6 mol/L are displayed in Fig. 7. The plots obtained for bare and coated coupons
are nearly semicircular in shape, showing good corrosion resistant properties. The
impedance value for bare substrate was found to be very low, from which it can be
inferred that it has very low corrosion resistance. Hybrid sol–gel coating and added
corrosion inhibitor can be responsible for increased impedance values of matrix
and BTA loaded matrix coated substrates, attributing to the larger diameter of the
semicircle. The sol–gel coating consisting of BTA encapsulated LbL nanocontainers
(BLLS) showed higher impedance values and larger semicircle compared to the only
matrix coated and BS coated substrates, thereby exhibiting higher corrosion resis-
tance and lower corrosion rate. The BTA-HNT-sol coated substrates (BHS) exhib-
ited enhanced corrosion resistance with impedance values several orders higher than
those of all other coatings, indicating the extremely superior corrosion resistance and
barrier properties of BHS coatings. The electrochemical impedance data along with

Fig. 7 Nyquist plots for bare and coated coupons
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charge transfer resistance values are shown in Table 1. The data obtained show that
the capacitance value for BLLS coated substrates has increased when compared to
the only matrix coated substrates which can be because of the presence of polyelec-
trolyte layers that swell upon absorption of water and acts as a barrier by blocking
the entry of foreign species. With time, these polyelectrolyte layers may burst with
an increase in water uptake initiating the release of encapsulated corrosion inhibitor
which self-heals the damage on themetal surface thereby confirmed from the coating
resistance value. The BS coated substrates have shown an increase in coating capac-
itance because of the uptake of water along with an increase in coating resistance
which can be attributed because of the presence of freely loaded BTA into the matrix
sol which adsorbs on the mild steel surface at the sites where Cl− ions of the elec-
trolyte solution was attached. This results in the formation of a protective film that
restricts the entry of water molecules to some extent. The BHS coated substrates have
shown a decrease in capacitance value suggesting that the coating is more compact
which blocks further penetration of water molecules. This barrier film formation
protects the metal surface from corrosion. The coating and charge transfer resistance
values have increased drastically for BHS coated substrates when compared to other
coatings. The corrosion inhibitor molecules get protonated in presence of electrolyte
solution which forms a bond with the negatively charged surface of the metal. This
interaction helps in corrosion mitigation by self-healing the defects on the metal
surface [16].

Potentiodynamic polarization profiles of bare and coated substrates after 1 h
exposure to 0.6 mol/L NaCl solution were recorded and are shown in Fig.

8. The values of corrosion potential and corrosion current are shown in Table 2.
The data reveal that the corrosion potential values changed a meager by 60 mV from
bare electrodes and became more positive for sol-gel coatings (Matrix and BS) and
more negative for nanocontainer encapsulated substrates (BLLS andBHS).However,
the value of corrosion current was high for bare, matrix, and BS substrates, but
the nanocontainer encapsulated coatings (BLLS and BHS) exhibited low corrosion
currents. This extreme decrease in corrosion current established the enhanced self-
healing ability provided by BTA entrapped HNT sol coating. The encapsulated BTA-
HNT sol (BHS) coated substrates exhibited extremely low corrosion current density
and hence very low corrosion rate, indicating that the controlled release of BTA
from HNT provided better self-healing properties and good corrosion resistance
when compared to uncoated and other coated substrates.

Table 1 EIS fit data for bare and coated substrates after 1 h exposure to 0.6 mol/l NaCl solution

Substrate Rcoat (�.cm2) Rct (�.cm2) Ccoat (F/cm2) Cedl (F/cm2) χ2

Bare – 2558 – 4.280 × 10–4 5.369 × 10–3

Matrix 158.1 3813 1.599 × 10–5 5.614 × 10–5 3.579 × 10–3

BS 726.8 3955 1.012 × 10–4 1.11 × 10–5 3.076 × 10–3

BLLS 438.4 5954 7.343 × 10–5 1.189 × 10–5 4.801 × 10–3

BHS 2.287 × 105 1.03 3 × 108 2.178 × 10–10 7.478 × 10–7 6.490 × 10–3
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Fig. 8 Tafel plots for bare and coated coupons

Table 2 Electrochemical
polarization data for bare and
coated coupons

Substrate Ecorr (V vs. SCE) Icorr (A/cm2)

Bare −0.707 5.54 × 10–6

Matrix −0.668 5.37 × 10–6

BS −0.634 4.86 × 10–6

BLLS −0.761 2.25 × 10–6

BHS −0.760 5.35 × 10–10

3.6 Salt Spray Test

Photographs of uncoated and coated substrates after salt spray test are shown in Fig. 9.
Artificial scribes were created on the coated substrates in order to visualize the self-
repairing nature of the coatings. The substrates were kept in a salt spray compartment
and exposed to 5 wt% NaCl solution for different time durations namely, 1, 2, 4, 6
and 24 h. The images obtained after 1 h exposure show that the corrosion products are
formed on the bare substrate, whereas, for the coated substrates, no significant change
was observed. After 2 h exposure, the bare substrate was 50% corroded but thematrix
coated substrate showed the rust formation at the edges of the defect and nearby
area. The BTA loaded coatings still possessed good corrosion inhibition properties.
Images obtained after 4 and 6 h exposure clearly showed that the bare substrate got
corroded completely, whereas matrix, BS, and BHS coated substrates were nearly
50% corroded, which indicates that the barrier feature of thematrix-coated substrates
prevents the penetration of foreign electrolyte species enabling the protection of
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0 h

1 h

2 h

4 h

6 h

24 h

Fig. 9 Images of bare and coated MS substrates when exposed to salt spray
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MS substrates to some extent whereas, loading of BTA into the sol delivered self-
healing behavior as the inhibitor is released from the scribed area. Images obtained
after 24 h exposure illustrate that all the substrates got corroded completely but the
BLLS-sol coated substrate showed enhanced barrier properties because of the layered
structure, where the polyelectrolyte layers swell up on absorbing the electrolyte
solution imparting protection for longer durations when compared to other coatings.
In addition, BTA acts as the next step for protection by self-healing the surface
defects.

The information obtained from SST differs from EIS and PPS. The reason behind
this difference is that the SST is an accelerated test where artificial defects are made
on the coatings to observe the self-healing mechanism of bare and coated substrates,
whereas, in EIS technique, no such damage occurs and information is retrieved based
on the adhesion of coatings onto the metal surface. The PPS measures the stability
of the system when polarized with respect to open circuit potential. Therefore, the
BLLS coated substrates have shown enhanced barrier properties when compared to
other coatings because of the presence of a layered structurewhere the polyelectrolyte
layers swell uponuptake ofwater. These polyelectrolyte layers on increase in pressure
may burst which in turn releases the corrosion inhibitor imparting the self-healing
behavior for longer durations. Similar effect was observed where the capacitance
values have increased because of the water uptake.

4 Conclusions

• Hybrid sol–gel coatings exhibited goodbarrier properties by forming homogenous
coatings on substrates.

• BTA encapsulated halloysite nanotubes when mixed in sol–gel matrix showed
enhanced corrosion protection properties when exposed to 0.6 mol/L NaCl
solution.

• Electrochemical impedance and polarization studies revealed higher corrosion
resistance and lower corrosion rate for coatings containing BTA encapsulated in
halloysite nanoclay among all coated substrates.

• The salt spray analysis confirmed the self-healing behavior of encapsulated BTA
into HNT for up to 6 h. The BLLS-sol coated substrates showed good barrier
properties up to 24 h when subjected to SST (salt spray test) because of the
presence of polyelectrolyte layers which swell up and restricts the entry of water
molecules. In addition to this, the encapsulated BTA provides protection by self-
healing the damage.
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Effect of Metallic Ion Species on Nitric
Acid Corrosion of Type 304L Stainless
Steel

Gopinath Shit , A. Pooonguzhali, and S. Ningshen

1 Introduction

Austenitic stainless steel (SS) is extensively used as a structural material in chem-
ical, nuclear reactor, reprocessing, and waste management plants. In the Plutonium
Uranium Reduction Extraction (PUREX) reprocessing process, nitric acid (3–14 M
HNO3) is the primary medium for the dissolution of spent fuel and extracting useful
fissilematerial, which also generates a vast amount of higher valence oxidative fission
and corrosion products. Austenitic stainless steels (SS) are structural materials with
desirable mechanical properties, formability, weldability, toughness, and resistance
to corrosion [1–5], and hence widely used in several chemical industries, power,
transportation, and nuclear industrial sectors [1–6]. Further, AISI type 304L SS is
explicitly used in nuclear reprocessing and waste management plants, especially
where HNO3 is the primary process medium because of its excellent corrosion-
resistant property. In the nuclear fuel reprocessing plant PUREX process, nitric acid
is used as amedium from room temperature (RT) to boiling conditions [1–5]. Process
medium contains fission products generated during nuclear fission and oxidizing and
corrosive ions. These result in intergranular corrosion (IGC) attacks despite using
non-sensitized steel [1, 2]. In stainless steel weldment, the heat-affected zone (HAZ)
is prone to IGC attack because of the additional sensitization effect, where IGC

G. Shit (B) · S. Ningshen
Homi Bhaba National Institute, Mumbai 400094, India
e-mail: gopims@igcar.gov.in

S. Ningshen
e-mail: ning@igcar.gov.in

G. Shit · A. Pooonguzhali · S. Ningshen
Corrosion Science and Technology Division, Indira Gandhi Centre for Atomic Research,
Kalpakkam 603102, India
e-mail: apoongs@igcar.gov.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
U. K. Mudali et al. (eds.), Recent Trends in Electrochemical Science
and Technology, Springer Proceedings in Materials 15,
https://doi.org/10.1007/978-981-16-7554-6_2

17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-7554-6_2&domain=pdf
http://orcid.org/0000-0001-5417-6181
http://orcid.org/0000-0002-2078-7870
mailto:gopims@igcar.gov.in
mailto:ning@igcar.gov.in
mailto:apoongs@igcar.gov.in
https://doi.org/10.1007/978-981-16-7554-6_2


18 G. Shit et al.

attack occurs in and around the depletion of chromium near grain boundaries. From
the electrochemical aspect, the chromium depleted zone causes the stainless steel
anodic behavior from the global anodic current in stainless steel [2]. According to
Fauvet et al. [1] three possible reasons behind the increase in corrosion potential
in the PUREX reprocessing environment are: (1) in pure nitric acid water medium
cathodic reaction is the reduction reaction of HNO3; (2) the addition of metallic
oxidizing species, where reduction reaction involves the reduction of oxidizing ion;
and (3) nitric acidmedia containingmetallic ions are nobler than steelwhich results in
galvanic coupling. The electrochemical response of the SS in the nitric acid medium
as a function of potential has been discussed [1]. The anodic process generally
involves the oxidation of chemical elements such as iron, chromium, and nickel.
The process can be separated into different zones: (1) the active zone where stainless
steel’s uniform dissolution occurs at suitably reducing conditions, (2) in oxidizing
conditions, stainless steel is in a passive state, and the dissolution rate is considerably
low, and (3) in highly oxidizing medium, passive film (insoluble Cr2O3) dissolution
occurs due to the oxidation of Cr (III) to Cr (VI) (CrO3), resulting in trans-passive
corrosion [1]. Only the transition domain appears in less severe conditions, and in
highly oxidative medium severe IGC attack occurs. The shift of corrosion potential
from the passive region beyond the trans-passive region needs to be avoided. Potential
can be shifted to the trans-passive region when the nitric acid concentration is very
high and in the solution containing oxidizing ions [1–6]. Primarily, IGC is character-
ized by the formation of triangular grooves at the grain boundaries. The enhancement
of IGC mainly depends on the specific reactivity of the grain boundaries and segre-
gation of grain boundaries due to P, B, C, and Si, which impacts the kinetics of the
IGC [1–3]. The grain boundaries specific reactivity depends on the grain boundaries
metallurgical conditions such as relative misorientation of the grain boundaries and
the IGC attack kinetics [7]. IGC attack results in accelerated mass loss, extensive
grain dropping, or increased surface contact with media [8]. The extent of IGC can
be precisely measured by the morphology of the groove width and depth [7].

In general, the weight loss measurement using ASTM A-262 practice-C (Huey)
test determines IGC susceptibility in 65 wt% boiling nitric acid medium. The weight
loss measure in each 48 h interval for five cycles (total 240 h) defines the corrosion
rate and the average corrosion rate should be around <24 mpy [4]. But for a harsh
nitric acid condition such as in nuclear reprocessing conditions, it should be≤18mpy,
and for critical components, the corrosion rate of≤5mpy is desirable [6, 8]. Thereby,
proper control of trace impurities, steel making practices (Electro Slag Remelting,
which greatly purifies the alloy), and processing parameters optimization of the trace
elements is essential to achieve improved corrosion resistance for SS in the nitric
acid application. For long-term operation reprocessing plants, stainless steel with
high resistance to IGC in nitric acid is required [7]. Nitric acid grade (NAG) stainless
steel type 304L shows more resistance towards sensitization and IGC. This type of
stainless steel has modified chemical compositions such as ultra-low C, high Cr, and
optimum Ni [6, 7] and restricted minor elements such as Si and P [6, 7]. However,
sulfide inclusion can also lead to the end grain corrosion attack which is a decisive
form of damage in service plants [6, 9].
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In the corrosion of SS in the nitric acid medium, the factors which influence its
corrosion include the acid concentration and the oxidizingmetallic ions such asNd3+,
Mo6+, Cs1+, Mn7+, Ce4+, etc. which are present as fission products formed by the
dissolution of spent fuel, and Cr6+ and Fe3+ as corrosion products from structural
material [1, 10]. Additionally, the temperature (~120 °C) of boiling nitric acid also
plays a crucial role in stainless steel corrosion [1, 10]. The oxidizing ions concen-
tration also influences the corrosion of stainless steel by influencing the cathodic
reduction reaction of the electrochemical system [1, 3]. Pelle et al. [7] have shown
that Fe (III) plays a significant role in reducing concentrated HNO3 reaction by
generating reduced species such as NO2. Bhise et al. [10] reported that the Ce4+

and V5+ affect the corrosion rate of stainless steel and the shifting of the corrosion
potential towards the trans-passive region in the nitric acid medium. The effect of
oxidizing ions in nitric acid medium on the corrosion rate of stainless steel indicated
that corrosion accelerates due to oxidizing metal ions and temperature [8]. Hasegawa
et al. [11] studied the effect of corrosion rate of Cr ion in boiling and non–boiling
nitric acid solutions and reported that the oxidizing effect of Cr (VI) does not depend
on the nitric acid concentration.

In this work, the corrosion resistance behavior of type 304L SS in simulated non-
radioactive PUREX environment with different oxidizing species (Nd3+, Mo6+, and
Cs1+ metallic ions present as fission product (FP), corrosion product of Fe3+, and
surrogate element V5+, etc.) in different concentrations (2, 6 and 8 M) of nitric acid
has been examined. The three-phase corrosion behavior has also been evaluated in
nitric acid in simulated PUREX conditions to evaluate its corrosion resistance.

2 Experimental

2.1 Materials and Methods

The chemical composition (wt %) of AISI type 304L SS is shown in Table 1.
For electrochemical corrosion test as received SS 304L sample of size 10 × 10 ×

6mmwasmolded usingAraldite and hardener. Samples were polished up to 0.25μm
using diamond paste. After this, the sampleswere ultrasonically cleanedwith acetone
and washed with double distilled water, and then the molded sides were masked with
elastomer. For the three-phase corrosion study, the exact dimension of the sample
was polished up to 2000 grit SiC abrasive paper. The experiment was similar to the
ASTM A-262 practice-C test, where up to 800 SiC grit polishing is recommended
[4]. To obtain the corrosion effect of vapor and condensate phase, the samples were

Table 1 Chemical composition (in wt %) of AISI type SS 304L

Cr Ni C Si Mo P Mn Fe

18.2 9.2 0.02 0.32 0.05 0.03 0.59 Balance
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Table 2 The concentration
of metallic ions added for
electrochemical corrosion test

Ions added Concentration (g/l)

Nd3+ 1.185

Mo6+ 1.115

Cs1+ 1.40

Fe3+ 0.085

V5+ 0.1

further polished up to 2000 SiC grit abrasive paper and cleaned ultrasonically before
the experiments. To simulate a non-radioactive PUREX environment on AISI type
304L SS, the ions with different oxidizing species (Nd3+, Mo6+ and Cs+, corrosion
product Fe3+, and surrogate element V5+, etc.) in different concentrations (2, 6 and
8 M) of nitric acid were chosen. The concentration of the metal ions Cs (I), Mo (VI),
and Nd (III) solutions used are listed in Table 2 and they were prepared from their
respective nitrate salts.

Electrochemical corrosion (open circuit potential and potentiodynamic polariza-
tion) test was performed using an electrochemical workstation (Biologic SP 300
model) (Fig. 1a), and the data analysis was performed with EC-lab software. The
electrochemical corrosion test was conducted by using a three-electrode setup, Pt
as a counter electrode; saturated Ag/AgCl as a reference electrode; and sample as
the working electrode. The three-phase corrosion (liquid, vapor, and condensate) in
different concentrations (2, 6, and 8 M) of nitric acid was evaluated and the setup is
shown in Fig. 1b.

The three-phase corrosion test, similar to ASTMA-262 practice C (Huey test) [4,
9] was conducted in nitric acid solutions with and without metallic ions. After the
corrosion test, the samples were characterized using an inverted optical microscope
(OM) (Leica model). The metallic ions concentrations used for the boiling three-
phase corrosion test are shown in Table 3.

Condensate

Vapour 

Liquid 

(a) (b)

Fig. 1 Photographs of a electrochemical workstation and b set up used for determination of three-
phase corrosion
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Table 3 Metallic ions
concentrations that were used
for the boiling three-phase
corrosion test

Metal Concentration (g/l) Metal Concentration (g/l)

Ag 0.097 Rb 0.071

Ba 0.485 Rh 0.350

Ce 0.769 Sm 0.3419

Cs 1.405 Sr 0.146

La 0.417 Te 0.160

Mo 1.115 Y 0.084

Nd 1.186 Zr 0.9

Pd 1.07 Fe 0.085

Pr 0.410

XPS spectra were recorded using SPECS make (Germany) spectrometer in
constant energy analyzer mode, using monochromatized Al Kα radiation (hν =
1,486.74 eV) probe and a hemispherical analyzer for energy analysis with a pass
energy of 20 eV and the optimum energy resolution of 0.6 eV was used. Binding
energy calibration was carried out using Ag 3d and C 1 s as the reference [9].

3 Results and Discussion

3.1 Electrochemical Corrosion Test

3.1.1 Open Circuit Potential

The open circuit potential (OCP) was performed in 2, 6, and 8 M HNO3 for 1 h
(3600 s). In 2 M nitric acid solution, the initial voltage which was 0.10 V stabilized
at 0.17V. After the addition of Fe3+ion, this value raised to 0.44V and increased up to
0.51V. Further, with FP (Nd3+,Mo6+, and Cs1+), the value varied from 0.15 to 0.60 V.
In presence of FP and Fe3+ ions, the OCP shifted towards the more noble direction
and it ranges between 0.50 and 0.54 V. With the addition of V5+, the potential shifts
towards the more noble direction. The initial value of 0.55 V is shifted to 0.57 V. In
6 M solutions, a similar trend was observed. As the acid concentration increased, the
OCP value increased to 0.47 V. With the addition of Fe3+, the OCP shifted towards
the more noble direction (0.75 V) and with the addition of FP and FP with Fe, the
OCP shifts towards the nobler direction at around 0.77 V. However, the addition of
V5+ a marginal decrease in OCP to 0.65 and 0.7 V. This shift of potential towards
nobler direction increased with the nitric acid concentration as well as with higher
valence metallic ions which is undesirable. With 8 M nitric acid solution, the OCP
value shows an initial value of 0.79 V. It reaches up to 0.81 V and after adding Fe3+

ions, it shifted to 0.84 V. The addition of FP increased the OCP value to 0.85 V while
with the addition of FP and Fe, the OCP was 0.84 V. With the addition of V5+, the
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Table 4 The OCP values (V
vs. Ag/AgCl) observed for the
substrate when exposed to
different concentrations of
nitric acid and different metal
ions

Solution 2 M 6 M 8 M

PURE 0.17 0.48 0.81

Fe 0.51 0.75 0.85

Fission product (FP) 0.60 0.77 0.85

FP + Fe 0.54 0.77 0.84

V 0.57 0.7 0.84

OCP value shifted up to 0.84 V. The measured OCP values are listed in Table 4 and
plots are shown in Fig. 2.

Bhise et al. [10] observed similar behavior for SS 304L in presence of oxidizing
(V5+) metallic ions in nitric acid medium. The OCP measurement can also indicate
the stability of passive films. With the addition of metallic oxidizing ions, the OCP
values are shifted towards the noble direction, indicating the risk of shift near or
over the trans-passive region’s potential, which is undesirable that may lead to IGC
[6, 12].

3.1.2 Potentiodynamic Polarization Measurement

The potentiodynamic anodic polarization test was conducted in 2, 6, and 8 M nitric
acid solutions, and the curves are shown in Fig. 2, and the obtained parameters are
listed in Table 5. In 2 M nitric acid, the obtained Ecorr is 0.17 V. Ecorr is shifted to the
nobler direction after the addition of Fe3+(0.085 g/l) to 0.49 V. With the addition of
FPs (Nd, Mo, and Cs), Ecorr further shifted to the noble direction to 0.61 V. Further,
the addition of Fe3+ with FP again shifted the potential towards the active direction,
it reached to 0.56 V. The addition of V5+(0.1 g/l) also shifted the potential to 0.56 V.
In 6 M nitric acid solution, Ecorr value is 0.49 V. After the addition of Fe3+, Ecorr

value has shifted towards more noble direction to 0.76 V. With the addition of FP,
the potential is shifted towards more nobler direction to 0.84 V, and the Ecorr value
was 0.75 V after the addition of Fe3+. The effect of V5+ shows the potential at 0.68 V.
In 8 M nitric acid solution, the obtained Ecorr value is 0.82 V. This value has further
shifted towards the noble direction to 0.83 V after the addition of Fe3+, and the value
(0.838 V) is almost same as that after the addition of FP. With the addition of Fe3+

along with FP, there was no change in the potential, and the obtained value was
0.84 V. But with the addition of V5+, the potential shifted to the more noble direction
to 0.85 V in 8 M nitric acid solution. In highly oxidizing and concentrated nitric acid
or nitric acid containing oxidizing metallic ion species, the potential shifted towards
a trans-passive domain, which resulted in severe IGC in type 304L SS. The higher
valancemetal ions in general increase the cathodic reaction. The higher valancemetal
ions thereby enhance the autocatalytic reduction reaction of nitric acid. This leads
to the anodic metal dissolution from the stainless steel at the trans-passive region.
In this region, the acid is unstable and oxidizes, resulting in oxygen and hydrogen
ions [1] and thereby enhancing nitric acid reduction. The addition of Nd (III), Mo
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(a)

(b)

(c)

Fig. 2 OCP and potentiodynamic polarization plots of samples in different concentrations of nitric
acid a 2 M, b 6 M, and c 8 M in presence of various metals ions
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Table 5 Corrosion parameters obtained from potentiodynamic polarization test in 2, 6, and 8 M
nitric acid medium and in presence of oxidizing metal ions

Solution Ecorr (V vs. Ag/AgCl) Trans-passive breakdown potential Ipass (μA)

2 M 0.17 1.01 9.1

2 M + Fe 0.49 1.02 0.48

2 M + FP 0.61 1.03 0.89

2 M + FP + Fe 0.56 1.0 1.7

2 M + V 0.56 1.04 3.0

6 M 0.49 1.07 33.3

6 M + Fe 0.76 1.04 0.97

6 M + FP 0.84 1.07 1.34

6 M + FP + Fe 0.75 1.07 1.34

6 M + V 0.68 1.08 5.56

8 M 0.82 1.07 1.7

8 M + Fe 0.83 1.05 5.4

8 M + FP 0.838 1.07 1.3

8 M + FP + Fe 0.84 1.06 0.9

8 M + V 0.85 1.08 0.009

(VI), and Cs (I) increased the oxidation rate of Cr (III) of the steel in nitric acid by
the hydration of the cations [11]. According to Hasegawa et al. [11], the addition
of nitrate salt of different metal ions in nitric acid solution resulted in the change of
corrosion rate of stainless steel, mainly the oxidation rate of Cr (III) not only depend
on the NO3

−ion concentration but also it varies with the added cations.
To support this argument, vapor–liquid equilibrium calculation was carried out in

consideration of the hydration of nitrates. Accordingly, the rate constant of Cr (III)
increases linearly with the increase of partial pressure of nitric acid. Motooka et al.
[13] proposed a mechanism for the increase in the generation of Cr (VI) due to the
formation of NO2 with the thermal decomposition of nitric acid.

NO−
3 + 3H+ + 2e− = HNO2 + H2O; E0 = 0.934Vvs.SHE (1)

NO2 + H+ + e− = HNO2;E0=1.093V vs.SHE (2)

E = E0 − 2.303
RT

F
pH + RT

F
ln

pNO2

[HNO2] (3)

Thermal decomposition of nitric acid generated NOx (x = 1, 2 …). From Eq. (3)
it is evident that the potential E increased with the increase in partial pressure of
NO2. Therefore the oxidation behavior of nitric acid increased with the increase in
partial pressure of NOx component [11].
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2Cr3+ + 3NO−
3 + 5H2O = 2HCrO−

4 + 5H+ + 3HNO2 (4)

E = E0 − 2.303 × 5
RT

6F
pH + RT

6F
ln

[HCrO−
4 ]2[HNO2]3

[Cr3+]2[NO−
3 ]3 (5)

The generation of Cr (VI) increased with the decrease in the concentration of
HNO2 by the generation of NOx gas with HNO3 gas in boiling nitric acid solution
as per the thermodynamic calculation.

Thus, the oxidation of Cr (III) is affected by the vapor–liquid equilibrium in the
nitric acid solution which is attributed to the hydration of cations in nitrates. The
corrosion rate of stainless steel is accelerated by the co-existence of other cations
in nitric acid solution. But this effect is not predominant as it is determined by the
increase in nitrate ion concentration instead of cation concentration [11].

Further, the Fe3+ ions in nitric acid solution increase the cathodic current, which
shifts the corrosion potential (Ecorr) towards the noble direction. However, the mech-
anism of nitric acid reduction by Fe3+ ions is not well established. According to Pelle
et al. [7], two hypotheses were proposed involving the direct reduction of Fe3+ or
chemical reaction where Fe3+ ion is involved in the reduction mechanism of nitric
acid as follows [7]:

Fe3+ + e− ←→ Fe2+(aq) (6)

Fe2+(aq) + 3

2
H+(aq) + 1

2
NO−

3 ←→ Fe2+(aq) + 1

2
HNO2(aq) + 1

2
H2O(l) (7)

HNO2(aq) + H+(aq) + e− ←→ NO(ads) + H2O(l) (8)

The effect of Fe3+ ion on the Ecorr value in the presence of other ions is not promi-
nent, which could be due to the dissolution of Fe3+ ions in the solution. Such dissolu-
tion resulted in a lowerEcorr value in some cases [7, 11]. The standard electrochemical
potential of V (V)/V (IV) was considered for corrosion rate evaluation in different
concentrations of nitric acid due to its redox potential (E0

25◦C = 1000mv/SHE) in a
similar range to the Pu (VI)/Pu (IV) system (E0

25◦C = 1040mv/SHE). In general, the
SS corrosion depends on the redox potential of the ions and not on the nature of the
ions. Even though the redox potential of the V (V)/V (IV) system is lower than the
redox potential of the Pu (VI)/Pu (IV) system, still the corrosion of the latter is higher
than the former. In the kinetics of the redox reaction, V (IV) instantaneously oxidized
into V (V) in boiling nitric acid medium [1]. The following equation represents the
redox reaction of V (V)/V (IV)

V(OH)+4 + H+ + e− ←→ VO2+ + 3H2O (9)

According to Irisawaet al. [14], in a nitric acid solution containingV (V), corrosion
rate remains constant for all immersion durations, but this cannot be explained by
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the polarization curve and oxidation potential of the metallic cations. The reduction
rate influences the oxidizing metallic ions effect. After the addition of the oxidizing
metallic ions, the oxidation rate is reduced to a lower oxidation state due to the
corrosion reaction called re-oxidization [14]. When stainless steel corrodes, this re-
oxidization rate is very high for V (V), even if it has been reduced to V (IV), and the
time dependency corrosion rate does not decrease with time and remains constant
[7, 11].

After the addition of the metallic oxidizing elements in 2 and 6 M solution, the
shift corrosion potential value has a drastic shift. In 8 M nitric acid solution, the
corrosion potential value shift is not significant with the addition of metallic ions.
This is attributed to the dissolved oxidizing metal ions in the higher 8 M nitric acid
solution that shows no prominent effects on the cathodic reaction. In the cathodic
reaction for the nitric acid solution of concentration <6 M, the generation of HNO2

is enhanced, and nitrogen monoxide (NO) is generated in the charge transfer step.
The NO accumulates and reacts with HNO3 to form HNO2 because NO2 is not
thermodynamically stable in a solution of <8 M nitric acid concentration [1]. In
higher concentrated nitric acid solutions such as in 8 M, the generation of HNO2 is
faster, which leads to the generation of thermodynamically stable gaseous NO2. The
NO2 (N2O4) acts as a reducing agent; thus, oxidizing metallic ions can be reduced.
The cathodic reactions shift significantly less, despite the solution contains oxidizing
metal ions [1, 15].

2NO−
3 + 4H+ + 2e− ←→ N2O4 + 2H2O;E25◦C = 803mV/SHE (10)

3.2 Three-Phase Corrosion Results

Figure 3 shows the histogramsof three-phase corrosion in different nitric acid concen-
trations with and without metallic ions. The results of the three-phase corrosion rate
have been tabulated in Tables 6 and 7. It is evident that the liquid phase corrosion rate
is higher than the vapor and condensate phase. Vapor phase corrosion rate is in the
condensate phase in all nitric acid concentrations except in 2 M nitric acid solution.
This is attributed to the lower renewable rate in the condensate phase to vapor phase
nitric acid. Furthermore, in the vapor phase, the accumulation of dissolved ions
is hindered due to replenishment at frequent intervals. Also, the concentration of
HNO3 is lower in vapor and condensate phases.

Thereby, depending, on these factors, the corrosion rates can be lower in the
condensate or vapor phase of nitric acid. With the oxidizing metallic fission prod-
ucts, the corrosion rate increased in all phases. This is attributed to the enhancement
of corrosion rate catalysis by the higher valence oxidizing metallic ions and reducing
products such as nitrous acid and NOx, which are generated in the liquid medium.
According to Balbaud et al. [16], the boiling point of 8 M nitric acid is around
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Fig. 3 aVariation of corrosion rate (mpy)with different concentrations of nitric acid and b variation
of corrosion rate (mpy) with different concentrations of nitric acid with metallic oxidizing ions

Table 6 Three-phase
corrosion of SS 304L in
different concentrations of
nitric acid medium without
any addition of oxidizing
metal ions

Concentration of nitric acid Corrosion rate (mpy)

Liquid Vapor Condensate

8 M 1.33 0.41 0.057

6 M 0.85 0.29 0.048

2 M 0.33 0.14 0.00973

Table 7 Three-phase
Corrosion of SS 304L in
different concentrations of
nitric acid medium with
oxidizing metal ions

Concentration of nitric acid Corrosion rate (mpy)

Liquid Vapor Condensate

8 M 2.16 0.72 0.087

6 M 1.73 0.58 0.078

2 M 1.29 0.163 0.18

111 °C, and the vapor phase temperature is 3 °C below the boiling point, i.e., 108 °C,
which can be obtained from the nitric acid water phase diagram. Moreover, in the
vapor phase, the oxidizing metallic species effects are also significantly less; thereby,
resulting in a lower corrosion rate. Similarly, for the same nitric acid solution conden-
sate phase, in 6 M HNO3, the temperature is around 108 °C. Subsequently to the
frequent renewal of the liquid phase, the metallic oxidizing species is replenished,
and the concentration is significantly less, leading to a lower corrosion rate. In 2 M
nitric acid with oxidizing metallic ions, condensate phase corrosion is marginally
higher than that of the vapor phase due to the non-renewal of nitric acid, slightly
lower than the other phases [16]. Corresponding optical microscopy (OM) images
of these specimens are shown in Figs. 4, 5, 6, 7, 8 and 9. The OM images show
moderate IGC in 8 M boiling liquid nitric acid solution; in the vapor phase, the
attack of IGC is comparatively less though the etched grain boundaries are visible.
In the condensate phase, the mode of corrosion attacks is not distinguishable, it is



28 G. Shit et al.

Fig. 4 Optical microscopy images of type 304L stainless steel specimen subjected to three-phase
corrosion test in 8 M nitric acid solution without any additional oxidizing metal ions in a liquid, b
vapor, and c condensate phases

preferably uniform with selective leaching. Similarly, for 6 M nitric acid solutions in
boiling liquid medium, the mode of IGC attack is less severe than in 8 M solutions,
but the etched grain boundary morphology is clearly observed. But the vapor and
condensate phase corrosions are very negligible, and attacks are very mild with less
uniform corrosion. In 2 M nitric acid solution, there was no such IGC attack thereby
clearly indicating the influence of nitric acid concentration on the IGC. In the boiling
liquid, only small pit-like features are observed. In the vapor and condensate phase,
no significant microstructural changes were observed. However, with oxidizing ions,
the IGC attack is more prominent than without any ions in 8M nitric acid solution. In
boiling liquid medium, the grain boundaries are observed with comparatively more
IGC attacks. But in the vapor and condensate phase, attacks are not that much promi-
nent, but it is more severe compared to the one without any oxidizing ions. In 6 M
and 2 M nitric acid solutions, similar kind of microstructural features was observed,
but the extent of the attack is greater than without any oxidizing metallic ions.
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Fig. 5 Optical microscopy images of type 304L stainless steel specimen subjected to three-phase
corrosion test in 6 M nitric acid solution without any additional oxidizing metal ions in a liquid, b
vapor, and c condensate phases

Fig. 6 Optical microscopy
image of type 304L stainless
steel specimen subjected to
three-phase corrosion test in
2 M boiling liquid nitric acid
solution without any
additional oxidizing metal
ions in liquid phase (In vapor
and condensate phase there
was no significant corrosion
attack)
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Fig. 7 Optical microscopy images of type 304L stainless steel specimen subjected to three-phase
corrosion test in 8 M nitric acid solution in the presence of additional oxidizing metal ions in a
liquid, b vapor, and c condensate phases

3.3 Surface Characterization by XPS

The XPS spectra of SS 304L after passivation for 1 h in 8M, 8M+ FP, and 8M+V
solution is shown in Fig. 10. XPS analysis provides the surface composition of type
SS304L after passivation in nitric acid. Survey scan provides elemental composition
such as Fe, Cr, and O peaks in the spectra; other elements such as S, Ni, and Mn are
not present in the film. The oxidizing metal ions are possibly not absorbed on the
surface during passivation. The high affinity towards Cr and Fe with oxygen resulted
in the diffusion from the bulk to the surface, resulting in chromium oxide and iron
oxide formation. Due to that, only Ni is not present in the film though Ni is present
in significant amounts in the bulk of the samples. The high resolution peaks of Fe,
Cr, and O show Fe-metal, FeO, and Fe2O3; for Cr only Cr2O3 is found and oxygen
peaks corresponding to O2− and H2O are observed.
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Fig. 8 Optical microscopy images of type 304L stainless steel specimen subjected to three-phase
corrosion test in 6 M nitric acid solution in the presence of additional oxidizing metal ions in a
liquid, b vapor, and c condensate phases

With the increase in metallic ion concentration from 8 to 8 M + FP and 8 M
+ V, the intensity of the peak decreases, attributed to the dissolution of the surface
elements with the increase in the redox potential and concentration of the redoxmetal
ions. According to Laurent et al. [17], stainless steel undergoes severe dissolution at
high potential, especially at the grain boundaries than at the grain faces, which leads
to the localized corrosion attack at the trans-passive region.

4 Conclusions

The effect of nitric acid concentrations on the electrochemical corrosion behavior
and three-phase corrosion of type 304L SS with and without any oxidizing metallic
ion species has been evaluated. The following are the observations:

• With the increase in nitric acid concentration, the corrosionpotential shifts towards
the noble direction.
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Fig. 9 Optical microscopy images of type 304L stainless steel specimen subjected to three-phase
corrosion test in 2 M nitric acid solution in the presence of additional oxidizing metal ions in a
liquid, b vapor, and c condensate phases

• The higher valence oxidizing metallic cations catalyzed the cathodic reduction
and shifted the corrosion potential towards the nobler direction.

• The influence of Fe3+ ion in other metallic ions was not observed because the
combined metal ions dissolution in solution is higher than the Fe3+ ions.

• V (V)/V (IV) redox potential was higher among all other metallic cations. For
the same amount of V (V) ions, the shifting of potential proportionally increases
with the increase in nitric acid concentration.

• XPS results revealed the formation of a passive film mainly consisting of Cr2O3

and Fe2O3. The presence of oxidizing metallic ions does not show a significant
influence on the film composition.

• IGC attack on 304L SS was found to be more severe in boiling liquid medium
with oxidizing ions at all concentrations of nitric acid compared to vapor and
condensate media.
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Fig. 10 Surface analysis byXPS a survey spectra, b high resolution Cr 2P spectra, c high resolution
Fe 2P spectra, d high resolution O1S spectra of SS 304L passivated for 1 h in 8M nitric acid solution
and with various metallic ions

Acknowledgements The authors like to acknowledge IGCAR management for active support
towards this research work.

References

1. Fauvet P, Balbaud F, Robin R, Tran QT,Mugnier A, Espinoux D (2008) Corrosion mechanisms
of austenitic stainless steels in nitricmedia used in reprocessing plants. JNuclMater 375:52–64.
https://doi.org/10.1016/j.jnucmat.2007.10.017

2. Gwinner B, Auroy M, Balbaud CF, Fauvet P, Larabi GN, Laghoutarisa P, Robin R (2016)
Towards a reliable determination of the intergranular corrosion rate of austenitic stainless steel
in oxidizing media. Corros Sci 107:60–75. https://doi.org/10.1016/j.corsci.2016.02.020

3. Sedriks AJ (1996) Corrosion of stainless steels, 2nd edn. Wiley-Interscience, New York
4. ASTMDesignation (2014)Standard practices for detecting susceptibility to intergranular attack

in austenitic stainless steels, vol A-262, pp 1– 20
5. Mudali UK, Dayal RK, Gnanmoorthy JB (1993) Corrosion studies onmaterials of construction

for spent nuclear fuel reprocessing plant equipment. J Nucl Mater 203:73–82. https://doi.org/
10.1016/0022-3115(93)90432-X

6. Raj B, Mudali UK (2006) Materials development and corrosion problems in nuclear fuel
reprocessing plants. Prog Nucl Energy 48:283–313. https://doi.org/10.1016/j.pnucene.2005.
07.001

https://doi.org/10.1016/j.jnucmat.2007.10.017
https://doi.org/10.1016/j.corsci.2016.02.020
https://doi.org/10.1016/0022-3115(93)90432-X
https://doi.org/10.1016/j.pnucene.2005.07.001


34 G. Shit et al.

7. Pelle J, Gruet N, Gwinner B, Schlegel ML, Vivier V (2020) On the role of Fe(III) ions on the
reduction mechanisms of concentrated nitric acid. Electrochim Acta 335:135578. https://doi.
org/10.1016/j.electacta.2019.135578

8. Ningshen S, Mudali UK, Ramya S, Raj B (2011) Corrosion behaviour of AISI type 304L
stainless steel in nitric acid media containing oxidizing species. Corros Sci 53:64–70. https://
doi.org/10.1016/j.corsci.2010.09.023

9. Shit G, Ningshen S (2019) The corrosion behavior of compositional modified AISI type 304L
stainless steel for nitric acid application. Anti-Corros Methods Mater 66:149–158. https://doi.
org/10.1108/ACMM-02-2018-1906

10. Bhise S, Kain V (2012) Methodology based on potential measurement for predicting corrosion
behaviour of SS 304L in boiling nitric acid containing oxidizing ions. Corros Eng Sci Technol
47:61–69. https://doi.org/10.1179/1743278211Y.0000000016

11. Hasegawa S, Kima SY, Ebina T, Tokuda H, Ito T, Nagano N, Hitomia K, Ishiia K (2016) Effect
of nitrate on Corrosion of austenitic stainless steel in boiling nitric acid solution containing
chromium ions. J Nucl Sci Technol 53:1332–1341. https://doi.org/10.1080/00223131.2015.
1107514

12. Kolman DG, Ford DK, Butt DP, Nelson TO (1997) Corrosion of 304 stainless steel exposed to
nitric acid-chloride environments. Corros Sci 39:2067–2093. https://doi.org/10.1016/S0010-
938X(97)00092-9

13. MotookaT,KatoC,YamamotoM (2010) Effect of re-oxidation rate of chromiumand vanadium
ions on corrosion rate of stainless steel in boiling nitric acid solutions. Zairyo-to-Kankyo
59:18–24 (Japanese). https://doi.org/10.3323/JCORR.59.18

14. Irisawa E, Yamamoto M, Kato C, Motooka T, Ban Y (2019) Effect of re-oxidation rate of
additive cations on corrosion rate of stainless steel in boiling nitric acid solution. J Nucl Sci
Technol 56:337–344. https://doi.org/10.1080/00223131.2019.1580624

15. Kain V, De PK (2005) Controlling corrosion in the back end of fuel cycle using nitric acid
grade stainless steels. Int J Nucl Energy Sci Technol 1:220–231. https://doi.org/10.1504/IJN
EST.2005.007146

16. Balbaud F, Sancheza G, Fauveta P, Santarinia G, Picard G (2000) Mechanism of corrosion of
AISI 304L stainless steel in the presence of nitric acid condensates. Corros Sci 42:1685–1707.
https://doi.org/10.1016/S0010-938X(00)00021-4

17. Laurent B, Gruet N, Gwinner B, Miserque F, Rousseau K, Ogle K (2017) The kinetics of
transpassive dissolution chemistry of stainless steels in nitric acid: the impact of Si. Electrochim
Acta 258:653–661. https://doi.org/10.1016/j.electacta.2017.11.110

https://doi.org/10.1016/j.electacta.2019.135578
https://doi.org/10.1016/j.corsci.2010.09.023
https://doi.org/10.1108/ACMM-02-2018-1906
https://doi.org/10.1179/1743278211Y.0000000016
https://doi.org/10.1080/00223131.2015.1107514
https://doi.org/10.1016/S0010-938X(97)00092-9
https://doi.org/10.3323/JCORR.59.18
https://doi.org/10.1080/00223131.2019.1580624
https://doi.org/10.1504/IJNEST.2005.007146
https://doi.org/10.1016/S0010-938X(00)00021-4
https://doi.org/10.1016/j.electacta.2017.11.110


Effects of Strontium Addition
on Corrosion Properties of Al-12Si Alloy

Lalit Kumar Meena , Anney Kr. Sinha, Ravada Seshagiri,
and Raghuvir Singh

1 Introduction

Currently, the materials designers in the industries are facing critical challenges
due to the stringent requirements of energy-saving and reducing the emission of
pollutants. In this perspective, the most economical approach to overcome these
difficulties is the design and development of high-strength lightweight components
[1]. The Al-Si alloys exhibit high strength to weight ratio due to which they are
widely used in automotive, defense, space, aerospace, and washing machine indus-
tries [1–3]. Besides, they possess excellent castability and weldability, superior wear
resistance, and recyclability. The Al-12Si alloys are the most suitable candidates for
making engine pistons, auto hubs, crankcases, and washing machine spiders due to
low thermal coefficient, superior impact resistance, high load-bearing capacity, and
moderated corrosion resistance [4]. Silicon as a main alloying element aids fluidity
to liquid aluminum and reduces shrinkage and porosity during solidification [5].
On the contrary, eutectic silicon crystallizes with coarse and lamellar morphology
(needles or platelets) between ductile α-Al dendrites, which results in the deterio-
ration of the mechanical properties, specifically ductility, and causes brittle failure
[6]. There are several provisions proposed to improve the structural and mechanical
properties of Al-Si alloys such as the addition of modifiers or alloying elements
during the melting, heat treatment, and severe plastic deformation techniques [7–
15]. Among all, eutectic modification techniques are deployed widely due to their
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simplicity and low capital cost. Generally, the addition of Sr, Na, or other rare-earth
and alkali metals into Al-Si alloys results in modified eutectic structure, and thus
improves the mechanical and physical properties [11, 15, 16]. Amongst all, Na and
Sr are known to be the strongest eutectic modifiers and are frequently utilized in
foundry industries. But, Sr addition has certain advantages over Na addition such
as less volatility, high recovery rate (80–90%), easy to add, longevity in the melt
during holding times, produces smoother castings, doesn’t react with refractory, and
is environment friendly [11]. The strontium modifier in the range of 100–400 ppm
is assumed to retard the eutectic silicon growth by absorbing the re-entrant edge
during solidification [17]. Thus Sr modifies the morphology of the eutectic phase
from coarse brittle flakes to a finer and fibrous structure [18–22]. Further, Sr addition
beyond this range is still able to modify the eutectic structure but produces coarse
intermetallic (Al4Si2Sr) and porosity due to over modification which subsequently
may influence the final properties of the alloys [23]. Further, Al-12Si alloys possess
moderated resistance to uniform corrosion but often fail due to localized corrosion
such as intergranular, pitting, and crevice corrosion depending upon the stability
of the passive layer. The friction stir processing (FSP) is evidenced as an effective
tool to improve the microstructure, mechanical, and corrosion properties through
severe plastic deformation [14]. But, the complexity involved in processing, high
initial or setup cost, and inability to process complex shapes restricted the indus-
trial viability of the process. Additionally, heat treatment and selective laser melting
(SLM) are other recognized processes to improve the corrosion resistance of Al-12Si
alloys [24]. However, the heat treatment as an additional process step increases the
initial cost of the material due to the high temperature involved and is restricted to
the heat-treatable alloys. Further, the huge laser cost, support configuration require-
ment, and low building rates have restricted the application of the SLM process [24].
The eutectic modification process has certain advantages over the above-mentioned
processes and is effective in altering the eutectic Si morphology, size, distribution
of secondary phases, and intermetallic compounds which largely govern the passive
layer stability and in turn the corrosion behavior [15, 25, 26]. Also, the eutectic modi-
fiers influence the chemical composition of the oxide layer formed over the surface
during exposure to the corrosive medium and thus alter the corrosion resistance of
Al-Si alloys [27]. Lee et al. reported that the addition of 200 ppm of Sr to Al-Si
alloy results in increased hardness, fracture toughness, and ultimate tensile strength
(UTS) and reduced corrosion resistance as compared to the unmodified alloy [25].
The corrosion potential (Ecorr) is reported to shift towards a more negative side from
−557.7 mV to −748.1 mV while corrosion current (icorr) increased from 0.51 to
1.76 μA/cm2 in 0.5 M H2SO4 solution with Sr addition. The decrease in corrosion
resistance was attributed to the increased grain boundary area between α-Al and
eutectic silicon phases. Duygun et al. [28] also revealed that the addition of 250 ppm
of Sr to Al-9Si alloy increased the area of eutectic phases from 26.1 to 33.0% and
decreased its corrosion resistance due to galvanic coupling in 3.5% NaCl solution.
Nevertheless, Ozturk et al. [22] reported the beneficial effect of the Sr addition on
the corrosion behavior of A356 alloys in a 3.5%NaCl solution. The Ecorr was shifted
slightly towards the more negative side from −623 to −650 mV and icorr decreased
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to one-sixth of 13.82 μA/cm2 (2.21 μA/cm2) after the addition of 250 ppm of Sr
addition in die-cast alloy. The improved corrosion resistance was attributed to the
stable passive oxide layer growth throughout the surface that was associated with
the fine fibrous uniformly distributed eutectic phase. Apart from the metal/alloy and
corrosive media, there are several other factors such as manufacturing process, fluid
flow and temperature which affect the corrosion behavior [7].

Although, several investigations address the modification of the eutectic in Al-
Si alloy using Sr but the literature on Sr addition beyond 0.2% and the resultant
corrosion behavior is not explored to a greater extent. Besides, the effect of the
addition of Sr to Al-Si alloy on the corrosion properties is contradictory. Further,
there is no literature available that addresses the corrosion behavior of the Al-Si
alloys in the flowing corrosive mediums despite the industrial relevance of the alloy.
The present endeavor aims to investigate the effect of Sr addition (up to 0.35%)
on the corrosion behavior of Al-12Si alloys in static and flowing alkaline chloride
environments.

2 Material and Methods

The unmodified and Sr modified Al-12Si alloy with Sr wt% of 0.05, 0.1, 0.18, 0.25,
and 0.35 were prepared by the typical melting and permanent die casting route.
The commercial Al-12.6Si and Al-10Si master alloy ingots were utilized for this
purpose. The preheated Al-12.6Si alloy ingots were melted in a 3 kg capacity high-
frequency induction furnace using a graphite crucible under the cover flux C65/11
at the temperature 750–760 °C. After ensuring the complete melting, the desired
weight of preheated Al-10Sr was added to achieve the composition with Sr ~0.05%,
0.1%, 0.18%, 0.25%, and 0.35% in the melt. The mixture was stirred with a graphite
rod for 40–50 s and held for 20 min to ensure complete dissolution and homogeniza-
tion. Afterward, the melt was degassed with argon and immediately poured into the
preheated (for 1 h at 200 °C) cast-iron permanent mold at around 720 °C. The cast
mold (size ~310 × 80 × 20 mm3) was allowed to cool to room temperature in the
open atmosphere. Thus cast plates were cut into ~10 × 10 × 5 mm3 size specimens
for microstructure and hardness determination. All the specimens were successively
polished from 120, 400, 600 to 1000 grit SiC paper and then subjected to cloth
polishing with alumina powder (particle size ~0.5 μm) to obtain a mirror finish. In
order to reveal the microstructure, the specimens were etched for 20 s with Keller’s
reagent (2.5%HNO3 + 1.5%HCl+ 1%HF+ 95% distilled water). The microstruc-
tural features were revealed through an optical microscope (Leica Microsystems,
DM2500M) and electron probe micro-analyzer (EPMA)-energy-dispersive X-ray
spectroscopy (EDS) (JEOL, AJXA-8230). The macro and microhardness measure-
ments (in VHN)were carried out using Vickers hardness tester at 5 kgf and 50 gf load
respectively, with 15 s dwell time. The corrosion behavior of unmodified and modi-
fied Al-12Si alloys was investigated by electrochemical polarization and immersion
test methods (as per the standard ASTM-G31) in alkaline 3.5% NaCl solutions (pH
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~11). All the specimens were finished up to 600 grit SiC paper and degreased thor-
oughlywith acetone before each experiment. The specimenswere cut into size ~20×
20× 5 mm3 for the long-term immersion experiments (of four-month duration). The
electrochemical studies include potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS), were carried out in both static and flowing conditions
(fluid flow~75 l/min) inCl− containingmedium. These studieswere performed using
a potentiostat/galvanostat (Gamry Instruments, Ref 600) and an electrochemical cell
comprised of three electrodes; a reference electrode (platinum disc), a working elec-
trode (modified/unmodified Al-12Si alloy), and an auxiliary electrode (platinum
disc). The flow-involved electrochemical experiments were conducted in a closed-
loop corrosion rig setup where ~1 cm2 of the working specimen was exposed to a
flowing medium. All the flow-involved experiments were conducted in a long pipe
section (4′′ dia.) maintaining laminar flow conditions. Specimens were immersed in
the solution for 3600 s and open circuit potential (OCP) was monitored before the
start of the polarization test. The EIS experiments were carried out in the frequency
range 0.01–100,000 Hz at open circuit potential with 10 mV AC perturbation. The
potentiodynamic polarization experiments were performed in the potential range
from −0.25 to 1.5 V w.r.t. OCP versus VPt, with a scan rate 1.67 mV/s. The EIS300
and DC105 techniques were utilized to analyze the Bode/Nyquist plots and polar-
ization curves respectively. The corrosion products formed after the electrochemical
measurements in the static and flowing conditions were analyzed using a scanning
electron microscope (SEM)-EDS.

3 Results and Discussion

3.1 Microstructure and Hardness

The as-cast unmodified and Sr modified alloys designations and chemical composi-
tions are illustrated in Table 1. The optical micrographs (Fig. 1) revealed a typical
eutectic microstructure for all unmodified and modified alloys

Table 1 Chemical compositions of the prepared unmodified and modified Al-12Si alloys

Sample Si Cu Mg Mn Fe Zn Pb Sn Sr Al

UM 12.05 0.80 0.36 0.29 0.76 0.29 0.08 <0.03 0 Bal.

M 1 12.05 0.80 0.36 0.29 0.76 0.29 0.08 <0.03 0.05 Bal.

M 2 12.05 0.80 0.36 0.29 0.76 0.29 0.08 <0.03 0.1 Bal.

M 3 12.05 0.80 0.36 0.29 0.76 0.29 0.08 <0.03 0.18 Bal.

M 4 12.05 0.80 0.36 0.29 0.76 0.29 0.08 <0.03 0.25 Bal.

M 5 12.05 0.80 0.36 0.29 0.76 0.29 0.08 <0.03 0.35 Bal.
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The unmodified alloys consist of α-Al dendritic phase and eutectic mixture in the
interdendritic regions comprising of silicon crystallized with coarse and plate like
morphologies (Fig. 1a). The microstructure consists of primary silicon rich phase
(small grey and coarser grey color particles) with quadrilateral and irregular shapes
inside theα-Al phasewhich evolves as a result of lowsolubility of silicon in aluminum
[10].

The Sr addition yielded intomuch finer α-Almatrix and transformation of acicular
to fine fibrous eutectic structure (Fig. 1b–f); these fine fibrous eutectics were noticed
to grow into coarser and longer fibers when Sr was increased to 0.18% or higher, as
displayed in Fig. 1e, f. The eutectic phases were found more uniformly distributed
throughout the α-Al matrix when 0.25% Sr was added to Al-12Si as compared to
other Sr modified alloys. Figures 2, 3 and 4, demonstrate the EPMA-EDS area maps

Fig. 1 Optical micrographs of etched unmodified and Sr unmodified alloys; a 0% Sr, b 0.05% Sr,
c 0.1% Sr, d 0.18% Sr, e 0.25% Sr and f 0.35%
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Fig. 2 EPMA-EDS area elemental map of etched unmodified alloys (0% Sr)

Fig. 3 EPMA-EDS area elemental map of etched modified alloys (0.1% Sr)

Fig. 4 EPMA-EDS area elemental map of etched modified alloys (0.25% Sr)

of unmodified and modified alloys and revealed the distribution of various elements
including across the matrix.
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The script-like structure was found to contain mainly Fe, Mn, Al, and Si elements
associated with the unmodified α-Al matrix (Fig. 2). This phase is known as β-
phase and precipitates due to the reaction of impurities (Fe & Mn) with the Al and
Si prior to the eutectic reaction [16]. The strontium is mainly associated with the
Al-Si eutectic regions and modified the secondary phase precipitation, as shown in
Figs. 3 and 4. The fine fibrous microstructure mainly contained the Si, Sr, and Al
and evolved due to the depression of eutectic temperature and retardation of eutectic
silicon growth [19, 29]. Further, the coarsening of eutectic fibers and Sr enriched
acicular Si lamella beyond 0.18% Sr are evident from the EPMA micrographs and
EDS area map of 0.25% Sr modified alloys (Fig. 4). The eutectic silicon remained
modified but the coarsening and precipitation due to the over modification resulted
in the formation of Al4Si2Sr intermetallic compounds [23]. It is evident that the Sr
modifies the shape, size, and distribution of eutectic structure which in turn may
affect the physical, chemical, and mechanical properties of the Al-12 Si alloys. This
effect is clearly manifested in all the strontium added Al-12Si alloys. Strontium is
known to depress the eutectic temperature of Al-Si alloys and thus aids fluidity to
the melt. Also, shrinkages found to be restricted to the local regions in the presence
of strontium which further increases the feeding efficiency [22]. This resulted into
much finer Si and α dendrites in the Sr modified alloys.

The hardness is generally influenced by the microstructural features of the mate-
rials. Figure 5 displays the effect of addition of Sr in Al-12Si alloy on the average
macro and microhardness determined at 5 kgf and 50 gf loads respectively. The both
macro and microhardness were found to increase up to 0.18% Sr content and then
decreased slightly upon a further increase in Sr content, yet remained nearer to the
unmodified alloy.

The overall microhardness is found to be slightly improved with increasing Sr
content up to 0.18%. The change in microhardness is attributed to the morphology of
α-Al, eutectic and secondary phases in addition to their shape, size, distribution, and
phase fraction. Also, this is greatly influenced by the quality of casting and defects
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Fig. 5 a Macro and b microhardness relationship with Sr content in unmodified and modified
alloys
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such as pinholes, open holes, and subsurface blowholes, etc. It may thus be concluded
that Sr content ~0.18% seems to be the upper limit for the modification of Al-12Si
alloys as thereafter the eutectic structure begins to coarsen with finer α-Al dendrites
and reduce the microhardness. The effect of Sr modification on corrosion resistance
is discussed in the subsequent section.

3.2 Corrosion Behavior Characterization

The corrosion characteristics of unmodified and Sr modified alloys were determined
by weight loss measurements during long-term exposures in alkaline 3.5% NaCl
solutions (pH ~ 11) for four months. The corrosion rate was calculated using the
equation mentioned below:

Corrosion Rate(mpy) = K ∗ Weight loss

Density ∗ Area ∗ Exposure time
(1)

where K is conversion constant (3.45 × 106), weight loss is in grams, density is
in g/cm3 (~2.57 g/ cm3), area is in cm2, and exposure time is in hours.

The corrosion rate calculated for the unmodified and Sr modified alloys is shown
in Fig. 6. The corrosion rate is observed to increase (5.04 mpy) with the Sr content
in the alloy up to 0.1%, thereafter it is reduced to values lower than the unmodified
Al-12Si alloy on increasing the Sr content up to 0.25%. The Sr addition ~0.1%
increased the corrosion rate by ~261 and 0.25% Sr addition lowered it by about 5%
as compared to the unmodified alloy (corrosion rate ~1.4 mpy).

The highest corrosion rate may be attributed to the fibrous and uniformly
distributed eutectic phase equivalent to surrounding a large number of local anode

Fig. 6 Corrosion rate
relationship with Sr content
in unmodified and modified
alloys in static 3.5% NaCl
solution (pH ~11)
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and cathode accelerating galvanic corrosion between the α-Al and secondary phases.
While secondary phase in 0.25% Sr modified alloy, is larger (acicular Si-Sr) but rela-
tively lesser local anode/cathode distribution and thus slightly improved the corrosion
resistance of the alloy. No linear relation between the corrosion rate and Sr content
is seen but 0.25% Sr content resulted in improved corrosion resistance.

The corrosion resistance was also evaluated by potentiodynamic polarization
methods in alkaline 3.5% NaCl solution in the absence and presence of flow
~75 l/min. The potentiodynamic polarization curves obtained for the unmodified and
modified alloys in static conditions are presented inFig. 7 and electrochemical param-
eters determined from the polarization curves are listed in Table 2. Figure 7 and Table
2 demonstrate that the 0.25% Sr containing alloy possessed the highest corrosion
resistance as evident by the lowest icorr ~3.74μA/cm2 while 0.1%Sr alloys exhibited a
lowest corrosion resistance (icorr ~14.18μA/cm2) amongst all alloys. Further, unmod-
ified and 0.25%Sr modified alloys exhibited pretty close current densities which are
attributed to the quality of the castings. Despite having porosity, 0.25%Sr modified
alloy exhibited slightly lower current density which clearly indicates improvement
in the corrosion resistance with Sr addition.

1E-5

-1.2

-1.0

-0.8

Po
te

nt
ia

l (
V 

vs
 V

Pt
)

Current Density (A/cm2)

 0% Sr
 0.05% Sr
 0.1% Sr
 0.18% Sr
 0.25% Sr
 0.35% Sr

1E-8 1E-7 1E-6 1E-5 1E-4 0.001 0.01
-1.6

-1.4

-1.2

-1.0

-0.8

Po
te

nt
ia

l (
V 

vs
 V

Pt
)

Current Density (A/cm2)

 0% Sr
 0.05% Sr
 0.1% Sr
 0.18% Sr
 0.25% Sr
 0.35% Sr

(a) (b)

Fig. 7 Potentiodynamic polarization curves obtained for the unmodified and modified alloys in
static 3.5% NaCl solutions (pH ~11)

Table 2 Electrochemical parameters determined from polarization curves in static 3.5% NaCl
solution (pH ~11)

Sample Ecorr (mV) icorr (μA/cm2) Epit (mV) Epit − Ecorr
(mV)

ipassive (μA/cm2)

UM −1322.0 ± 1.0 3.89 ± 0.1 −867.7 ± 7.4 454.3 ± 6.4 20.32 ± 2.91

M 1 −1346.5 ± 2.04 9.42 ± 1.12 −850.2 ± 2.08 496.35 ± 4.12 21.40 ± 0.71

M 2 −1378.0 ± 5.0 14.18 ± 1.9 −879.4 ± 10.4 498.6 ± 5.4 27.70 ± 1.81

M 3 −1306.5 ± 6.5 5.17 ± 0.46 −822.2 ± 0.05 484.25 ± 6.45 20.91 ± 2.46

M 4 −1336.5 ± 18.5 3.74 ± 1.02 −857.7 ± 0.55 478.8 ± 17.95 19.23 ± 1.09

M 5 −1336.5 ± 1.5 6.32 ± 0.45 −871.6 ± 0.7 464.9 ± 0.8 21.89 ± 3.35
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The corrosion potential is found to shift towards slightly more negative values for
both the alloys, as Sr is more electronegative than aluminum. Both, the unmodified
and modified alloys exhibited passive-transpassive polarization behavior indicating
a sharp pitting potential. While a wider passive region (Epit − Ecorr) of Sr modified
alloy as compared to the unmodified alloys is observed, the pitting potential did not
show specific trend with the Sr addition. The highest pitting potential (least negative)
value was shown by the alloy with 0.18% Sr containing alloy.

The experiments in flow conditions were performed to simulate the dynamic
fluid impact on corrosion of Al-Si alloy in several industrial environments. Figure 8
elucidates the corrosion behavior of the unmodified and modified Al-12Si alloy in
flowing alkaline 3.5% NaCl solution at a flow rate of ~75 l/min and the electro-
chemical parameters obtained are listed in Table 3. The results demonstrate much
higher corrosion current densities in flow conditions as compared to that of the static
conditions. Amongst all, 0.25% Sr containing alloy exhibited the lowest icorr ~47.29
μA/cm2 while 0.1% Sr alloys showed the highest icorr ~130.83 μA/cm2, a trend
similar to that observed in the static conditions. Also, the passive current density
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Fig. 8 Potentiodynamic polarization curves obtained for unmodified andmodified alloys in flowing
3.5% NaCl solutions (pH ~11) at flow rate ~75 l/min

Table 3 Electrochemical parameters determined from polarization curves in flowing 3.5% NaCl
solution (pH ~11) at flow rate ~75 l/m

Design Ecorr (mV) icorr (μA/cm2) Epit (mV) Epit − Ecorr
(mV)

ipassive (μA/cm2)

UM −1388 ± 2.16 53.34 ± 5.29 −737.1 ± 6.25 650.87 ± 6.11 152.28 ± 16.59

M 1 −1358.5 ± 4.5 65.23 ± 6.51 −720.4 ± 1.35 638.05 ± 3.15 162.8 ± 8.4

M 2 −1375.7 ± 2.87 130.83 ± 12.31 −721.4 ± 2.61 654.23 ± 3.28 259.59 ± 5.75

M 3 −1356.3 ± 16.52 103.48 ± 6.12 −735.2 ± 2.70 621.13 ± 18.11 218.02 ± 18.32

M 4 −1350.7 ± 2.06 47.29 ± 0.17 −727.9 ± 0.71 622.77 ± 1.44 118.67 ± 10.63

M 5 −1351.7 ± 6.94 93.96 ± 10.80 −733.1 ± 0.29 618.57 ± 6.67 159.23 ± 6.52
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follows a similar trend as corrosion current densities as ipassive ~259.59 μA/cm2 and
118.67μA/cm2 for 0.1% and 0.25% Sr containing alloys, respectively. Larger corro-
sion current density and pitting potential (Epit) (nobler side) are found along with
the wider passivation ranges for all the alloys as compared to the static conditions.

The corrosion of Al-Si alloys is a complex phenomenon and is considered to
progress according to the following reactions [30]:

Anodic reaction

Al → Al3+ + 3e− (2)

Cathodic reaction

O2 + 2H2O + 2e− → 4OH− (3)

As corrosion progresses, there is a local increase in pH as per Eq. 3 at the cathodic
sites; this is especially important when the solution is stagnant and a continuous
increase in pH is likely. This local increase in pH may be adequate to destabilize
the passive/ pseudo passive aluminum oxide/hydroxide films at those weak loca-
tions [31]. Also, the stagnant conditions promote local crevice formation which may
decrease the pitting resistance of the material. Thus, the lower pitting potentials
reported in static conditions may be attributed to the locally destabilized aluminum
oxide/hydroxide films due to pH increase. The corrosion current density which is
governed by themass transport at the alloy-solution interphase is higher in the flowing
medium as compared to static conditions. The result substantiates themass controlled
corrosion rate as corrosion rate in the flowing medium is several fold higher than in
the stagnant condition.

The immersion and potentidynamic polarization studies were complemented by
electrochemical impedance spectroscopy (EIS) in order to reveal the corrosion resis-
tance of the alloy in both static and flowing 3.5% NaCl solutions. The representative
Nyquist curves for unmodified and modified alloys (0.1 & 0.25% Sr) obtained from
EIS studies are plotted in Fig. 9. The Nyquist curves were fitted with the two-time
constant electrochemical equivalent circuit (EEC) as shown in Fig. 10.

The electrochemical parameters determined fromNyquist andBodeplots acquired
in static and flowing conditions are listed in Tables 4 and 5, respectively. The pore
resistance (Rpore) and charge transfer resistance (Rct) relationship with Sr content is
plotted in Fig. 11a, b. In static conditions, both the pore/oxide layer resistance and
charge transfer resistance are found to be highest for 0.25% Sr containing alloys
amongst all, e.g., Rpore ~3.37 kohm cm2 and Rct ~7.6 kohm cm2, while 0.1% Sr
alloys exhibited the lowest Rpore ~1.5 kohm cm2 and Rct ~4.8 kohm cm2 (Fig. 11a
and Table 4).

The variation in pore and charge transfer resistance is attributed to the defects
present in oxide film which directly influence the stability of oxide layer, i.e., lesser
the defects higher the stability and pore resistance, and vice versa. Also, a similar
trend was observed in the flowing conditions where 0.25% Sr containing alloys
exhibited the highest pore resistance, Rpore ~ 206.17 � cm2 which is in line with



46 L. K. Meena et al.

0.0 2.0k 4.0k 6.0k 8.0k 10.0k 12.0k
0.0

2.0k

4.0k

6.0k

8.0k

10.0k

12.0k
 0% Sr
 0.1% Sr
 0.25% Sr

Z'
' (

O
hm

.c
m

2 )

Z' (Ohm.cm2)
0 200 400 600 800 1000

0

200

400

600

800

1000
 0% Sr
 0.1% Sr
 0.25% Sr

Z'
' (

O
hm

.c
m

2 )

Z' (Ohm.cm2)

(a) (b)

Fig. 9 The Nyquist curves for unmodified andmodified alloys obtained from EIS studies in a static
and b flowing 3.5% NaCl Solution

Fig. 10 The electrochemical
equivalent circuit used for
fitting the EIS curves of
unmodified and modified
alloys

the results obtained from the anodic polarization curve (Fig. 11b, Table 5). Both
the Rpore and Rct are found to decrease in flowing conditions as compared to the
static 3.5% NaCl solution, thus a much increased severity of uniform corrosion in
flowing fluids is realized. The unmodified and modified alloys (0.1% & 0.25% Sr)
were subjected to SEM–EDS observations after the electrochemical measurements
in order to reveal the oxide layer characteristics and corrodedmorphology if any. The
SEM micrographs and EDS measurements of the unmodified and modified alloys
evaluated in static 3.5% NaCl solutions are depicted in Fig. 12.

The 0.25%Sr alloywas coveredwith a very thick oxide layerwhichwas composed
ofAl oxide orAl-Si oxides as revealed byEDS analysis. The thick corrosion products
were mainly comprised of Al-oxide while compact thin layers consisted of mixed,
e.g., Al and Si oxides. The 0.1% Sr containing alloy was found to corrode near the
eutectic and intermetallic regions, and exhibited a very thin layer of oxides. Figure 13
shows the SEMmicrographs and EDS analysis of the unmodified andmodified alloys
evaluated in flowing 3.5% NaCl solutions. The 0.25% Sr containing alloy was found
to contain Al-Si oxide layer compared to 0.1% Sr containing alloy which proves
relatively higher oxygen contents in corrosion products. The unmodified alloy was
surrounded by a cracked and relatively thicker Al-oxide layer.

In Al-12Si alloys, corrosion progresses through galvanic coupling in eutectic
regions where Si acts as a local cathode to the eutectic Al phase. In such a scenario,
the shape, size, and distribution of Si particles govern the severity of corrosion. As
mentioned previously, the stability of the protective oxide layer also depends upon
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Fig. 11 Pore resistance (Rpore) and charge transfer resistance (Rct) relationship with Sr content in
3.5% NaCl solutions a static conditions and b flow rate ~75 l/min

Fig. 12 SEMmicrographs with EDS analysis of (a) unmodified (0% Sr), and (b) 0.1% Sr modified
alloy, and (c) 0.25% Sr modified alloy in static 3.5% NaCl solutions

the shape and size of eutectic Si particles. In the presence of Sr, the much finer
and uniformly distributed Si particles form a stable oxide layer and thus resulting in
reduced corrosion severity.Beingmore electronegative thanAl, Sr remains associated
with eutecticSi particles,whichnarrowdown the electrochemical potential difference
between α-Al and Si particles.
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Fig. 13 SEMmicrographs with EDS analysis of (a) unmodified (0% Sr) and modified alloys with,
(b) 0.1% Sr and (c) 0.25% Sr addition in flowing 3.5% NaCl solutions (flow rate ~75 l/min)

4 Conclusions

The microstructural and corrosion characteristics of Al-12Si alloys with varying Sr
contents are summarized as follows:

• The strontium additions to Al-12Si alloy resulted in the modification of Al-Si
eutectic to fine fibrous structure up to 0.18% which started to coarsen beyond
this Sr content. The 0.18% Sr content can be considered as the upper limit of
modification in Al-12Si alloys from the mechanical properties point of view.

• The Sr modification influences the size and distribution of both α-Al dendrites
and Al-Si eutectics. Also, the growth of script-like secondary phases was found
to be restricted with Sr addition.

• The corrosion resistance is improved by Sr modification in both the flowing
and static NaCl conditions. The 0.25% Sr containing alloys exhibited the lowest
corrosion current densities and highest corrosion resistance in both the static and
flowing conditions.

• Overall 0.18% Sr content can be considered as the optimized level from the
mechanical and corrosion resistance properties point of view.
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Evaluation of Corrosion Rate
and Scratch Resistance in Chromium
Alloyed Irons Influenced by Manganese
Addition and Process Parameters

T. Pramod , P. Sampathkumaran , S. Seetharamu , Narendra Dube ,
Bincy Rose Vergis , R. K. Kumar , and C. Ranganathaiah

1 Introduction

It is very much desirable to develop ferrous systems, which can sustain chemical
attacks, provide higher wear resistance and desirable surface features. They depend
on bulk material conditions like composition, hardness, heat treatment, microstruc-
ture, and also the surface characteristics like scratch resistance and surface rough-
ness of the constituent materials. To meet the industrial requirements, the alloying
elements and processing conditions are chosen in such a way that the component
integrity gets enhanced in terms of corrosion, wear, etc. The corrosion behavior of
metallic materials is dictated by the surrounding medium, environmental conditions,
etc. The corrosion properties are assessed based on the weight loss method as well
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as corrosion rate measurement as laid down in the standard procedure. Kaputkina
et al. [1] studied corrosion resistance of high-strength austenitic steels. There was no
pitting corrosion reported due to the presence of the alloys like nickel, manganese,
and chromium. The assessment of scratch resistance and surface roughness param-
eter is generally done using specially designed scratch and surface roughness tester
respectively. In this context, the scratch tester has emerged as a very useful tool to
monitor the parameters such as adhesion of a coating to the underlying substrate,
the effective frictional conditions of the coating, or the bulk material surface. Pohl
et al. [2] have investigated the deformation behavior of AISI 1045 and AISI 304L
materials with an increase in scratch load and reported that work hardening affects
scratch parameters due to load application during scratching and also studied the
micro mechanism involved during scratch indentation.

Many researchers have reported the scratch [3, 4] and corrosion [5, 6] behav-
iors of both ferrous and non-ferrous materials, but the information on these two
parameters in high chromium (HiCr) alloyed irons is scanty. These two tests have
been chosen as this material finds application in milling systems (grinding media)
and pumps (impeller) in thermal power stations, wherein any scratch/crack arising
out of repeated impacts of the grinding balls in liners and corrosion taking place
during water lifting in impellers, would end up in damage as the HiCr irons (hard
carbides) used are brittle in nature. Hence, the addition of manganese (austenite
stabilizing element) to high chromium iron enhances the matrix toughness character-
istics. Keeping in view the significance of corrosion resistance and scratch resistance
in ferrous materials, especially high chromium manganese (HiCrMn) alloyed irons
prepared in the grey cast iron mold by induction melting method, their responses
with respect to metallurgical parameters have been looked into in both as-cast and
heat-treated conditions with manganese at two levels (5 and 10% by weight) and
adoption of cast section sizes of 12, 24 and 40 mm.

2 Materials and Methods

2.1 Materials

The high chromium iron castings measuring 150 × 125 × 25 mm3 were made by
induction melting route with manganese at two levels (5 and 10% by weight) and
adopting different cooling rates owing to employing varying section sizes (12, 24,
and 40 mm). The test samples of size (75 × 25 × 6 mm3) were prepared from the
casting for evaluation of scratch resistance and corrosion rate. The sample details such
as the designation, manganese weight percentage, section size, and the processing
conditions are provided in Table 1.
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Table 1 HiCrMn iron sample details and their designations

S. No. Sample designation Mn weight (%) Section size (mm) As-cast/heat-treated

1 5M12AC 5 12 As-cast

2 5M12HT 5 12 Heat-treated

3 5M24AC 5 24 As-cast

4 5M24HT 5 24 Heat-treated

5 5M40AC 5 40 As-cast

6 5M40HT 5 40 Heat-treated

7 10M12AC 10 12 As-cast

8 10M12HT 10 12 Heat-treated

9 10M24AC 10 24 As-cast

10 10M24HT 10 24 Heat-treated

11 10M40AC 10 40 As-cast

12 10M40HT 10 40 Heat-treated

2.2 Methods

The cooling rate of 5 and 10 M series having cast sizes of 12, 24, and 40 mm have
been ascertained while pouring the molten liquid into the metal mold to get the
specimen dimension of 150 × 125 × 25 mm3. The solidification rates have been
obtained using a thermocouple dipped in a metal mold containing molten metal and
is connected to a potential-metric strip chart recorder to get the temperature–time
plots and was found to be 54, 37, and 28 s for 12, 24, and 40 mm section sizes,
respectively. The heat treatment of HiCrMn iron samples consisted of austenitizing
at 960 °C for four hours and then oil quenching to room temperature, subsequently
tempering for half an hour at 200 °C. The austenitizing temperature of 960 °C and
soaking time of four hours was optimized based on the preliminary studies carried
out involving maximum dissolution of cementite in the matrix. Also, no attempt has
been made in this work to consider the secondary carbide precipitation occurring
during heat treatment. The chemical compositions are determined using an optical
emission spectrophotometer (ASTME415-99a Standard). Archimedes Principlewas
used to carry out density measurements. The retained austenite was measured using
an X-ray diffractometer (Rigaku X-Ray Stress Analyzer) as per ASTM E975-03
Standard. The carbide volume percentages were calculated [7, 8] using the empirical
relationship given below in Eq. (1) as well as using image analyzer software.

Carbides = 12.33C+ 0.55Cr− 15.2 (1)

The corrosion testswere carried out in a highly corrosive sodiumchloridemedium,
being a strong electrolyte, results in the formation of metal ions and hydroxides. The
corrosion rate was carried out at 25 °C for 720 h and 100 °C for four hours in reflux
conditions as per ASTM G1-90 Standard. The corrosion rate was calculated using
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Fig. 1 A typical a scratch scan and b scratch profile

Eq. (2).

Corrosion rate(mm/h) = (8.76W/DAT) (2)

where W is the difference between the final weight (g) and initial weight (g) of the
sample, D is alloy density (g/mm3), A is exposed area (mm2) and T is the exposure
time of the sample (h).

Rockwell C hardness (Struers) was measured at a load of 150 kg with diamond
indenter having the cone angle of 120°, which was calibrated using a standard block
having 60 ± 1HRC. The scratch adhesion test (Ducom Model TR101) was carried
out as per ASTMG171-03 standard tomeasure the scratch width and depth involving
scanning electron microscope (SEM, Hitachi TM4000) and digital depth gauge. The
normalized scratch hardness (Hs) was calculated using Eq. (3)

Hs = 8L

3.14(Sw)
2 (3)

whereHs is normalized scratch hardness, L is load (N) and Sw is scratch width (µm).
Figure 1 shows a typical scratch width monitored during the movement of the stylus
and its scratch profile. Light and scanning electron microscopy was used to carry out
the microstructural examination.

3 Results and Discussion

Table 2 shows the chemical composition of the samples analyzed. The Rock-
well hardness, retained austenite, corrosion rate, density, and carbide volume (both
experimental and empirical) are given in Table 3.
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Table 2 Chemical composition of HiCrMn

Sample C Mn Designation composition (weight %)

Si Cr Ni Mo S P

5M12 2.66 4.5 2.69 18.58 0.91 1.87 0.046 0.080

5M24 2.61 4.6 2.78 18.62 0.92 1.82 0.044 0.090

5M40 2.58 4.8 2.10 17.90 0.81 1.90 0.057 0.075

10M12 2.53 9.7 1.90 17.65 0.80 1.85 0.040 0.090

10M24 2.48 9.7 1.85 17.60 0.82 1.80 0.040 0.085

10M40 2.46 9.9 1.92 17.85 0.83 1.90 0.042 0.087

Table 3 Rockwell hardness, retained austenite, corrosion rate, density, and carbide volume

Sample
designation

Rockwell
C
hardness

Retained
austenite
(%)

Corrosion rate (%) Density
(g/cc)

Carbide volume (%)

Room
temperature
(25 °C for
720 h)

Reflux
condition
(100 °C
for 4 h)

Experimental Empirical

5M12AC 56 54 1.51 0.51 7.70 29.0 27.8

5M12HT 63 47 1.59 0.54

5M24AC 55 57 1.32 0.43 7.58 27.5 27.2

5M24HT 61 50 1.40 0.49

5M40AC 52 61 1.00 0.35 7.54 26.5 26.5

5M40HT 56 57 1.33 0.41

10M12AC 52 60 1.29 0.32 7.45 26.0 25.7

10M12HT 55 55 1.69 0.37

10M24AC 50 63 1.04 0.25 7.42 25.5 25.1

10M24HT 53 60 1.21 0.30

10M40AC 48 65 0.95 0.19 7.31 24.5 24.9

10M40HT 50 62 1.08 0.23

3.1 Corrosion Rate

In HiCrMn iron samples, Fe undergoes oxidation in the presence of oxygen and chlo-
rine to form ferrous hydroxide and ferrous chloride. The pH values of the immersion
medium are observed to be 7.5 before the corrosion test and increase to 9.0–9.5 after
the completion of the corrosion experiments. Thus the pHmeasurements substantiate
the basic nature of the corrosion products.

It is seen from Fig. 2 that the higher Mn content sample (10 M series) in both the
condition (as-cast and heat-treated) have yielded a lower corrosion rate compared to
5 M series sample. In fact, 10M40 shows a lower corrosion rate than 5M40, which
may be traced to the higher austenite content. In the as-cast condition, the austenite
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Fig. 2 Corrosion rate of 5 and 10M series of as-cast and heat-treated samples at room temperature

phase is predominantly present along with the formation of carbides of chromium,
iron, and molybdenum in 5M12. Following the heat treatment, the austenite content
has decreased and there is a good possibility that some of the secondary phases would
have formed. The phase transformation in 5M12HT is responsible for the recording
of higher hardness.

The corrosion rate in the reflux condition is higher for 5 and 10M series compared
to samples immersed in the solution at room temperature (Fig. 3). It is quite under-
standable that when the samples are taken to the boiling temperature, the thermal
kinetics favors the formation of corrosion products at a shorter time than at room
temperature yielding a higher corrosion rate. This particular observation is substan-
tiated from the literature wherein the corrosion rate has been reported [9] to be much
higher in reflux conditions than in room temperature as the oxygen concentration
at higher temperatures reacts with the metals to form corrosive products such as
hydroxides at a faster rate. The same analogy holds well in the present case also.

It is observed from Table 3 that the hardness showed a decreasing trend with
the increase in section size due to the increase in austenite content in the casting.
Thus based on these experimental observations, it is observed that 10M40, which is
exhibiting higher austenite content is less prone to corrosion than either 5M40/5M12
in both the conditions (as-cast and heat-treated). The major portion of corrosion in
both 5 and 10 M series comes from the iron phase, i.e., austenite as it is presumed

Fig. 3 Corrosion rate of 5 and 10 M series of as-cast and heat-treated samples at 100 °C
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that the carbides generally do not get attacked from the corrosion media. Further, the
austenite phase originated from the addition of Mn element, and hence one could
observe fewer corrosion products getting formed due to the higher level of Cr andMn
additions inHiCrMn irons. However, the degree of corrosion rate inHiCrMn samples
has shown variations in the corrosion rate as they are dependent on the austenite
content as well as carbide volume. This clearly shows that the incorporation of Mn
in Cr irons plays a major role in reducing the corrosion rate. It is also reported that
the addition of Mn and Ni to chromium favors the formation of austenite at room
temperature [10].

The corrosion rate of 5 and 10M series have been arrived at, by taking Eq. (2) into
consideration. It is seen that irrespective of the section size, the corrosion rate reduces
with a rise in the Mn content from 5 to 10% for both room and high temperatures
respectively. These trends are substantiated by the lightmicroscopic features,wherein
the corrosion rate obtained is very much dependent upon the austenite levels present
inmatrix. The corrosion rate trends obtained at room temperature of 5 and 10Mseries
are now discussed in terms of percentage reduction. The reduction in the corrosion
rates of as-cast condition of 10M40 over 5M40 and 5M12 is 76 and 63% respectively.
Whereas, the corrosion rate in heat-treated conditions of 10M40 reduces to the tune
of 82% and 65% compared to 5M40 and 5M12 respectively. From these trends, it is
noticed that the percentage reductions in the corrosion rate of heat-treated samples
are much less compared to the as-cast counterparts. This is quite understandable and
logical due to the higher level of austenite content present in the as-cast samples. In
summary, the least corrosion rate in the reflux state is exhibited by 10M40 whereas
5M12 shows the highest irrespective of whether it is as-cast or heat-treated.

Handoko et al. [11] studied the effect of austenitizing temperatures namely 950,
1050 and 1150 °C affecting the corrosion rate in dual-phase stainless steels. It is
inferred that the higher the temperature, the lower is the corrosion rate. Further, it
is reported that raise in austenitizing temperature, increases the retained austenite
content and the grain size. In the current study, the HiCrMn samples have been
subjected to an austenitizing temperature of 950 °C but varied the Mn content as
well as the section thickness of the casting to assess the corrosion behavior. With
an increase in austenite content, the corrosion rate decreased due to an increase
in manganese level as well as-cast section thickness. Jiang et al. [12] studied high
nitrogen stainless steel and focused on finding out the relationship between corrosion
behavior (immersion method) and microstructure subjected to variation in austen-
itizing temperature. They reported that higher austenitizing temperature yielded
higher corrosion resistance on account of great stability of passive film, larger passi-
vation tendency, and decrease in pit growth rate. A similar argument holds good
in the present case also as the sample is having a higher amount of austenite, the
corrosion behavior has vastly improved. Kim et al. [13] have studied the corrosion
properties of high-strength steel and showed that the key elements Cr and Mn are
mainly responsible for reducing the corrosion rate which contributes to the grain
refinement in the matrix as well formation of a corrosion product which is a non-
adherent protective oxide layer. In the present study, the presence of higher austenite
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levels and eutectic carbides of Cr have contributed to the lower corrosion rate in the
10% Mn bearing sample compared to a 5% Mn counterpart.

3.2 Scratch Parameters

Figures 4 and 5 show the scratch width and depth in as-cast and heat-treated condi-
tions of 5 M and 10 M series at three different loads of 10, 45, and 80 respectively.
With the increase inmanganese content from 5 to 10%, irrespective of the conditions,
both the scratch width and depth show an increase in trend. Further, it is noticed that
the scratch width, as well as depth of 5 and 10M series in as-cast condition (Figs. 4a,
c and 5a, c), are higher compared to the corresponding heat-treated (Figs. 4b, d and
5b, d) samples.

Also, it is seen that the average scratchwidths of the heat-treated samples 5M12HT
and 5M24HT are smaller than those of the corresponding as-cast samples namely,
5M12AC and 5M24AC which is in full agreement with the increase in hardness
reported in Table 3. The samples 5M40AC and 5M40HT follow the trend of other
samples as far as the Rockwell C hardness is concerned. The scratch width in heat-
treated sample 5M40HT is consistently lower than that seen in the as-cast sample
for all three loads. In the case of 10M12HT and 10M24HT at lower load (10 N), the
scratch width is smaller than that of 10M12AC and 10M24AC and the trend repeats
at higher load as well. It is reported that the higher the hardness, the lower is the

Fig. 4 Scratch width versus normal load for 5 and 10 M series in both as-cast and heat-treated
conditions
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Fig. 5 Scratch depth versus normal load for 5 and 10 M series in both as-cast and heat-treated
conditions

scratch width as well as the depth and the same trends are observed in the present
work [2]. Based on the above discussion, it may be inferred that the least section
size (12 mm) samples possess the least scratch width in both 5 and 10% Mn series
compared to 24 and 40 mm section size samples in both the conditions (as-cast or
heat-treated).

The reduction in the scratchwidth of 5M12 over 5M40 and 10M40 for all the loads
(10, 45, and 80 N) employed are in the range of 15–17% and 34–36% respectively
in the as-cast samples. Similarly, the reduction in terms of the scratch width in the
heat-treated conditions for the sample 5M12 compared to either 5M40 or 10M40 are
in the range of 19–26% and 37–41% for the loads 10, 45, and 80 N respectively. It is
quite evident from the results that the scratch width of heat-treated samples reduces
to a large extent as compared to the as-cast ones. The percentage decrease obtained
in the scratch depth of 5M12 compared to 5M40 and 10M40 for the three loads
(10, 45, and 80 N) in the as-cast condition is to the tune of 13–18% and 25–36%,
respectively. As regards the heat-treated samples, the reduction in the percentage of
the scratch depth noticed in 5M12 compared to 5M40 or 10M40 for the same load
range is 11–14% and 26–29%, respectively.

Poh et al. [2] conducted scratch resistance on iron and AISI grades (steel) 1045
and 304L and reported that the work hardening potential of the samples are very
much responsible for piling up of the deformed layer, where it is said that massive
piling up of the material is more in iron than steel. The SEM and atomic force
microscope (AFM) topography of the scratch in pure iron in relation to pile up
and deformed volume next to the scratch groove have been stressed. In the present
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case also the scratch adhesion characteristics involving different degrees of scratch
width and piling up of debris are noticed on account of an increase in Mn content
in HiCr irons with various section sizes. The deformation pattern of the HiCrMn
iron samples of 10 M series shows deeper scratches compared to 5 M series because
of the larger pile up of material during scratching involving ploughing mechanism.
It is reported [2] that lower scratch width is assisted with lesser tangential force,
smaller frictional levels, and higher hardness, and this argument may hold good in
the present work also as 10 M series have yielded lower hardness levels compared
to 5 M series. These variations may be due to the variations in the degree of work
hardening characteristics as well as the generation of pile up of particles of different
degrees along the groove length in a single pass while conducting the scratch test.
The piled up of materials are pushed aside or maybe chipped off close to the edges
during scratching due to the prevailing operating mechanisms such as ploughing and
cutting action. Mezlini et al. [14] have carried out a detailed investigation of scratch
abrasive testing on aluminum alloys which involved mainly ploughing and wedge
formation and resulted in increase in scratch cross section with an increase in the
application of load.

The purpose of determining the normalized scratch hardness is to find out the
material behavior under scratch load where half the projected area of the loading
is taken into account. Figure 6 shows the plot of normalized scratch hardness (Hs)
versus indentation hardness (H) at different loads during the scratch adhesion test
(5 and 10 M series in both conditions). The repeatability of the test run in terms of
coefficient of variation determination is done as per the ASTM G 65-16e1 Standard.

Fig. 6 Normalized scratch hardness versus load for both 5 and 10 M series in as-cast and heat-
treated conditions
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Fig. 7 Surface microstructures of a 5M12HT, b 5M24HT and c 5M40HT Samples at 500X

It is observed that the normalized scratch hardness of samples 5 and 10 M series
shows a decreasing trend with respect to the increase in load application. There are
variations noticed with respect to microstructures of 5 and 10 M series having varied
percentages of austenite,martensitic, and carbideswherein higher normalized scratch
hardness is obtained for higher austenite content samples compared to samples having
lower austenite levels at a given load.

Balaji et al. [15] reported the abrasive wear resistance of ferrous microstructures
with different hardness levels evaluated by a scratch tester and reported that bainite
and pearlite displayed different responses compared to martensitic and tempered
martensitic structures and could also characterize the groove with microstructures.
The present observations noticed are very much similar to the trends reported with
respect to the normalized scratch hardness versus load of the steel samples having
different microstructures. A good correlation of the average scratch width and depth
with the changes in alloy hardness, varying manganese levels, cooling rates, and heat
treatment is observed.

3.3 Light Optical Micrographs

Figure 7 shows the light optical micrographs of heat-treated 5M12, 5M24, and 5M40
samples. 5M40HT reveals bigger sized primary eutectic carbides (Fig. 7c) randomly
distributed in a matrix of austenite (57%) with carbide volume (26.5%) compared to
5M24HT which shows medium-sized carbides and small-sized hexagonal carbides
(Fig. 7b) with retained austenite of 50% and carbide volume of 27.5%. 5M12HT has
yielded a very fine carbide network in an austenite matrix of 47% and carbide volume
of 29%. Further, the carbide distribution in 5M12HT (Fig. 7a) matrix is quite uniform
and spherodized. These microstructural features support the scratch resistance data
wherein 5M40HThas shown the highest scratchwidth because of the lowest hardness
and carbide volume with the highest retained austenite. On the other hand, 5M12HT
reveals the least scratch width due to the highest hardness and carbide volume with
the least retained austenite content. The carbides irrespective of their size and shape;
whether they are spherical or hexagonal, big or small, primary or secondary, as-cast
or heat-treated are randomly distributed in the matrix in the case of 5M40 compared
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Fig. 8 Surface microstructures of a 10M12HT, b 10M24HT and c 10M40HT Samples at 500X

to 5M12 and 5M24 samples. 5M12 has uniform carbides dispersion by solidification
process in a metal mold having higher thermal conductivity resulting in better heat
transfer characteristics [16, 17]. Further, these carbides are very fine in size on the
surface due to the prevailing higher cooling rate and grow bigger in size towards the
core of the material. Therefore the surface properties when evaluated would be much
superior compared to the mid-portion of the casting. In the present case, the section
thickness of the metal mold being minimum (12 mm) tries to cool faster from all the
sides resulting in the formation of a very fine grain structure. This has yielded the
least scratch width for 5M12 when compared to 5M24 and 5M40 samples.

The microstructures of the heat-treated samples of 10 M series are shown in
Fig. 8. 10M12 yielded fine carbides in an austenitic matrix of 55% with carbide
volume of 26%, whereas 10M24 shows the lamellar type of primary carbides along
with medium-sized hexagonal carbides in the matrix of austenite (60%) with carbide
volume of 25.5%. 10M40 exhibits long carbides with an austenite content of 62%
with a carbide volume of 24.5%. The fracture properties of these long carbides
are load direction-dependent. The carbides irrespective of the direction of the load
application are firmly supported by the matrix and are not easily broken. Whereas
the long carbides are liable to get fractured easily on the application of load in the
perpendicular direction, as they are more brittle and bigger in size compared to
globular/spherical type of carbides along its length (axial). Thus in the present case,
10M40HT sample possessing long carbides during scratch loading is more prone to
damage than 5M12HT samples as it contains a very fine carbide network. The actual
situation in the samples would be more complex due to the variation in austenite
content in the matrix, different carbide morphological features as well as change in
the effective hardness on the surface observed.

TheSEMmorphology of 5M12HTand 10M12Hare shown inFig. 9. The evidence
of spherodization of carbides (globular shape) in heat-treated 5M12 is very clearly
seen in Fig. 9a which is not noticed in 10M12. The carbide size is found to be in
the range of 2–5 µm. Hence, the SEM observations give a very good correlation
between the scratch and corrosion results obtained in this work.

Thus, the significant point that emerges from this work, is to choose 10%
manganese content with 24 mm section size in high chromiummanganese iron alloy
for achieving better properties to produce parts such as liners, impellers, etc. where
resistance to wear and corrosion are important.
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Fig. 9 SEM morphology of a 5M12HT and b 10M12HT

4 Conclusions

The following important points emerge from this investigation.

• Good correlations have emerged among the composition, corrosion rate, hardness,
scratch width, and depth as well as metallurgical features of Mn-doped chromium
iron alloys irrespective of cooling rate and heat treatment.

• The corrosion results indicate the higher the manganese addition, the lower is the
weight loss due to seawater corrosion at room temperature and reflux condition.

• In 5 and 10% Mn bearing samples the corrosion rate decreases with an increase
in section size. The sample with higher section thickness and lower hardness has
shown a lower corrosion rate due to the presence of higher austenite content and
vice versa.

• The corrosion rate shows higher in reflux conditions over the room temperature
on account of reaction kinetics.

• The scratch parameters are very much dependent on the composition. With an
increase in manganese content, the scratch width and depth increase.

• The scratch width and depth are found to be higher for the higher section thick-
ness sample in 5 and 10% Mn bearing samples both in as-cast and heat-treated
conditions. Further, 10M40 shows higher scratch width and depth, whereas 5M12
shows the least.

• The normalized scratch hardness like in the case of scratch width/depth is highest
for 5M12HT and least for 10M40HT.

• The above data have been substantiated with the hardness, retained austenite,
density, carbide volume, and light microscopic features.

• Among the systems studied, 10% Mn with 24 mm section size in high Cr Mn Fe
alloy exhibited improved properties compared to others.

Acknowledgements The authorswish to acknowledgewith thanks themanagement of TERI, SaIT,
RVCE, DUCOM, BMSIT, CPRI, and JSS University to present and publish this paper.



66 T. Pramod et al.

References

1. Kaputkina LM, Svyazhin AG, Smarygina IV, Bobkov TV (2016) Corrosion resistance of high
strength austenitic chromium nickel manganese steel containing nitrogen. Steel Transl 46:644–
650. https://doi.org/10.3103/S0967091216090023

2. Poh F, Hardes C, Theisen W (2016) Scratch behavior of soft metallic materials. AIMS Mater
Sci 3:390–403. https://doi.org/10.3934/matersci.2016.2.390

3. Deuis RL, Subramanian C, Yellup JM (1996) Abrasive wear of aluminum composites. Wear
201:132–144. https://doi.org/10.1016/S0043-1648(96)07228-6

4. Zhang ZF, Zhang LC,Mai YW (1995) Particle effects on friction and wear of aluminummatrix
composites. J Mater Sci 30:5999–6004. https://doi.org/10.1007/BF01151519

5. Natesan M, Selvaraj S, Manickam T, Venkatachari G (2008) Corrosion behavior of metals and
alloys in marine industrial environment. Sci Technol Adv 9:1–7. https://doi.org/10.1088/1468-
6996/9/4/045002

6. Marimuthu V, Kannoorpatti K (2016) Corrosion behaviour of high chromium white iron hard
facing alloys in acidic and neutral solutions. J Bio-Tribo-Corros 2:1–12. https://doi.org/10.
1007/s40735-016-0056-x

7. Pearce JTH (1984) Structure and wear performance of abrasion resistant chromium white cast
irons. AFS Trans 126:599–621

8. Hebbar BM, Seshan S (1994) Fracture toughness of high chromium cast irons. AFS Trans
118:349–356

9. Melchers RE (2002) Effect of temperature on the marine immersion corrosion of carbon steels.
Corrosion 58:768–782. https://doi.org/10.5006/1.3277660

10. ASM Hand Book 3 (2016) Alloy phase diagram introduction to phase diagrams. ASM
International, Philadelphia, USA

11. HandokoW, Pahlevani F, Sahajwalla V (2018) Effect of retained austenite stability in corrosion
mechanism of dual phase high carbon steel. Int J Mater Metall Eng 12:1–5. https://doi.org/10.
5281/zenodo.1314650

12. Jiang Z, Feng H, Li H, Zhu H, Zhang S, Zhang B, Han Y, Zhang T, Xu D (2017) Relationship
between microstructure and corrosion behavior of martensitic high nitrogen stainless steel
30Cr15Mo1n at different austenitizing temperatures. Mater 10:861–880. https://doi.org/10.
3390/ma10080861

13. Kim B, Kim S, Kim H (2018) Effects of alloying elements (Cr, Mn) on corrosion properties
of the high strength steel in 3.5% NaCl solution. Adv Mater Sci Eng 1–13. https://doi.org/10.
1155/2018/7638274

14. Mezlini S, Kapsa Ph, Henon C, Guillemenet J (2004) Abrasion of aluminium alloy: effect of
subsurface hardness and scratch interaction simulation. Wear 257:892–900. https://doi.org/10.
1016/j.wear.2004.05.004

15. Narayanaswamy B, Ghaderi A, Hodgson P, Cizek P, Chao Q, SafiM, Beladi H (2019) Abrasive
wear resistance of ferrous microstructures with similar bulk hardness levels evaluated by a
scratch tester method. Metall Mater Trans A: 1–12. https://doi.org/10.1007/s11661-019-053
54-2

16. Junyl S, Yuding J (1987) The effect of orientation and thickness of carbides on abrasive wear
resistance of high chromium iron. In: International conference on wear of materials, ASME,
New York, pp 661–671

17. Seetharamu S, Sampathkumaran P, Kumar RK (1995) Erosion resistance of permanent
moulded high chromium irons. Wear Part I 186–187:159–167. https://doi.org/10.1016/0043-
1648(95)07173-3

https://doi.org/10.3103/S0967091216090023
https://doi.org/10.3934/matersci.2016.2.390
https://doi.org/10.1016/S0043-1648(96)07228-6
https://doi.org/10.1007/BF01151519
https://doi.org/10.1088/1468-6996/9/4/045002
https://doi.org/10.1007/s40735-016-0056-x
https://doi.org/10.5006/1.3277660
https://doi.org/10.5281/zenodo.1314650
https://doi.org/10.3390/ma10080861
https://doi.org/10.1155/2018/7638274
https://doi.org/10.1016/j.wear.2004.05.004
https://doi.org/10.1007/s11661-019-05354-2
https://doi.org/10.1016/0043-1648(95)07173-3


Stress Corrosion Cracking Behavior
of Spring Steel in Aggressive Corrosion
Environment

H. K. Basukumar and K. V. Arun

1 Introduction

Spring steel is vastly used in major manufacturing industries such as automotive
and aerospace for its resilience and elastic properties with high yield strength. The
majority of the spring steel requirements are met with carbon steel, alloy steel,
and corrosion-resistant steel. Some of the desired mechanical properties are yield
strength, toughness, and fatigue strength to withstand high stress, vibrational load,
shock, or impact loading. Steel as a material with desired mechanical properties like
high tensile strength, ductility, and high toughness is used in automotive industries
[1–4]. The alloy spring steels have a definite place in the field of spring materials,
particularly for afore-stated service conditions. Like high carbon steels, alloy spring
steels also can endure high and low-temperature environments. The action of service
load and the environmentwill be enforced on the components, regardless of the nature
of the loads. The failure of the component can be attributed to crack initiation and its
propagation originated from the combined effect of these conditions. The initiation
is supposed to include some induction of microcrack during service environment
and their intensification, due to applied working load, this ends up in stress corrosion
cracking. In an engineering application where materials are often exposed to the
action of the basic and acidic service environment can be severe to the properties of
the material, subsequently may affect adversely the performance of the components,
system as a whole may be adversely affected. These engineering material failures in
services can appear in form of the big engineering disasters. Such kinds of failures
lead to a huge loss of life, property and adversely affect society as a whole. One
of the common forms of environmental degradation is corrosion. Due to corrosion,
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there is variation in the material properties and loss in the form of capital in the
industrial sector. Corrosion cannot be eliminated but can be minimized with the
proper selection of material to suit particular service conditions. Despite all the
precautionary measurements taken for such environmental service conditions, the
materials fail. The conjoint action of these factors in combination leads to sudden and
catastrophic failure. The synergic effect of the high rate of loading, environmental
conditions, and material is termed stress corrosion cracking (SCC). The study of
failure because of SCC in carbon steel was highlighted in the early nineteenth century
with the catastrophic collapse of suspension bridge across the Ohio river killing 46
people in vehicles on the bridge at the time. Rust in the eye section had caused a
stress corrosion crack, which went critical as a result of high bridge loading and low
temperature. The failure was exacerbated by a high level of residual stress in the eye
section. One of the causes for the failure of the suspension springs in automobile
vehicles, driven over different service environments was the SCC failure mechanism.
The interaction of service environment and mechanical working load is the most
general case. Almost all corroding structures are stressed and all stressed structures
are exploited in one or the other corrosive environment [5, 6]. The service failures in
engineering components occur when a component is subjected to applied stress and
a slow environmentally induced crack growth until a critical crack length is reached.
The susceptibility of failure of spring steel is closely related to its performance under
the prevalent service environment which can be catastrophic [7–11]. Corrosion leads
to loss ofmaterial, lowering the structural efficiency in termsof strength, andductility.
The corrosion resistance of spring steel must therefore be studied and the mechanism
of corrosion understood. In the present research, the overall corrosion mechanism in
spring steel was analyzed to examine the SCC of spring steel under the influence of
the pre-stress state.

2 Materials and Methods

One of the widely used low alloy springs steel is chrome vanadium steel, commer-
cially known as EN 47. Globally, it is also designated with other common trade
names as SAE/AISI6150, SUP10. It is suitable for overall engineering purposes with
a higher strength than mild steel. EN47 spring steel is one of the prominently used
materials in automotive and industrial suspension systems such as spring clamps,
vehicle flat, and coil spring which are subjected to static or variable dynamic stresses
and even for impact loads. The procured material has been chemically tested for its
composition as shown in Table 1.

Table 1 Chemical composition of test specimen material EN47

Composition Carbon Silicon Manganese Phosphorus Sulphur Chromium Vanadium

wt% 0.451 0.247 0.660 0.018 0.010 1.0 0.155
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SCC is a process of cracking, arising from the cumulative effect of tensile stress
and a corrosive environment. The requisite tensile stresses may be in the form of
micromechanically induced residual stresses or directly applied stresses or may
already occur during primary mechanical processes. SCC tests were performed on
pre-stressed chemically treated and untreated tensile cylindrical specimens. These
tests are preferred for a relative assessment of the susceptibility of alloys to SCC.
However, the application of data obtained from these tests is to postulate that stress
corrosion cracking has occurred in corrosive media. General corrosion of the spec-
imen was simulated in the laboratory by immersion technique [12–15]. The spec-
imens were corroded with HNO3 of 35% concentration solution by immersion for
about 5min of exposure. The nitric acid exhibits themost aggressive corrosive nature
in most of the metal, especially in steel. Therefore, nitric acid is considered for the
simulated laboratory condition. The nitric acid with 20–22% concentration is used
for passivation, below and beyond which acts as a corrosive media [1]. This typical
solution demonstrates corrosion behavior through anodic dissolution, which is one
of the mechanisms for stress corrosion cracking. The samples were subjected to a
mechanical tensile test to measure their mechanical strength and other material prop-
erties under both untreated and treated to corrosive environmental conditions and to
evaluate their performance. A typical experimental setup used in the laboratory is
shown in Fig. 1.

One of the most commonly used mechanical tests conducted on the material is
the tensile test. In this test, measuring the deformation caused due to applied load till
the fracture point will lead to the understanding of the mechanical behavior of the

Fig. 1 A typical test setup
used in the study
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Fig. 2 Typical tensile
Specimen drawing

Fig. 3 Standard tensile a
untreated and b treated
specimens

material. This will enable us to anticipate how the material behaves in its intended
applications. Cylindrical tensile specimens (110 mm overall length, 30 mm gauge
length, and 6 mm gauge diameter) were machined from round bars of alloy EN47 in
such a way that the gauge length to the diameter (1/d) ratio of these specimens was
maintained at five, according to theASTME8-04.All samplesweremachined to have
the same dimensions. Figure 2 presents the configuration and the dimensions of the
cylindrical bar specimens used in tensile testing. The specimens as shown in Fig. 3,
were cleaned for the residual imperfection present on the surface by degreasing with
the ethanol. The samples were polished well to achieve the necessary metallographic
finish before the tests were performed. The tensile tests are performed on cylindrical
specimens before and after exposure to a defined environment. All the tensile testing
has been conducted in a fully integrated universal testing machine (50 kN capacity)
at room temperature using a cross-head velocity of 0.3 mm/minute.

3 Results and Discussion

The fracture has occurred in the gauge length of the test sample. The fractured surface
observations were carried out for the specimen tested in low and highmagnifications.
Figure 4 shows fracture surfaces of the untreated and stress corroded specimen. As
portrayed by the nature of spring steel, the specimen failed in a brittle fashion char-
acterized by little plastic deformation. The center of the radial-fan markings is near
the fracture initiation site, illustrating the surface cracks were induced by the virtue
of the applied load. The fracture surface of the untreated specimen (Fig. 4a) reveals a
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Fig. 4 Fracture surfaces of
a untreated and b treated
specimens

flat fracture surface with shallow radial marks as shown by the arrow associated with
the cleavage mechanism, while the bright fibrous core area has dimples, typically
associated with a nucleation-growth-coalescence mechanism. Dull and fibrous is the
characteristic of the surface of a ductile fracture. A close look at the fractured surface
Fig. 4b of the corroded specimen shows a narrow zone of intense shear. This shear
region reveals a localized deformation due to pre-existing cracks. Room temper-
ature tensile stress/strain curves of the investigated steel samples are presented in
Fig. 5, from which tensile properties were obtained graphically. The elongation and
reduction in the area are the indicators of the ductility of the material. The graphical
representation of mechanical tensile properties obtained from the test is represented
in Fig. 6.

Fig. 5 Stress/Strain
behavior of untreated and
treated specimen
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Fig. 6 Mechanical properties of untreated and treated specimens of EN 47 subjected to tensile test
a% elongation and reduction in area, b yield strength and ultimate strength (MPa), and c toughness
(10−3 J/mm3)

3.1 Stress/Strain Behavior of Treated and Untreated Material

The stress/strain curve is one of the reliable andmost common sources for the evalua-
tion of mechanical properties of engineering materials. Stress/ strain curves of EN47
grade steel were obtained to evaluate their tensile behaviors. The stress-strain curve
is generated by plotting the applied stress and the deformation in terms of strain
caused due to it. The stress/strain curves for the tension test samples were shown in
Fig. 5. The treated material has exhibited a stiffer mode of deformation with delayed
fracture. The linear nature of the stress-strain curve depicts the elastic deformation
region, indicates that the load-bearing capacity is more compared to the SCC spec-
imen. The stress corroded material cannot sustain more loads even in elastic limit
and similarly yield of the untreated specimen is comparatively high. The treated
specimen exhibited brittle behavior than the untreated specimens and showed much
smaller elongation at fracture location during the tension test; however, for the treated
specimen, the necking could not be ignored. Its fracture surfaces show ductile failure.
Even though the yield strength of SCC specimen is less compared to the untreated,
the useful life will be higher than that of the untreated. This is very clearly depicted
in Fig. 4b. The loss of material due to anodic dissolution and hardening is thought
to be the cause.

3.2 Influence of SCC on Volumetric Changes and Toughness

The effect of stress corrosion is noticed in terms of change in yield strength, ultimate
strength, and ductility of the untreated and treated tensile test specimens. The uniaxial
tensile properties of the treated and untreated steels are summarized in Fig. 6. It is a
compilation of the tensile properties of the samples that were untreated and treated
with HNO3. The yield stress is calculated as 0.2% strain. For the untreated specimen
the value of yield strength was 385 MPa and for the SCC sample, a higher value of
416 MPa was recorded. The value increased by almost 8% when the SCC sample
is compared with the untreated counterpart. The SCC sample test result reveals a
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noticeable detrimental influence in UTS compared to the untreated sample when
deformed in uniaxial tension. The UTS for the untreated sample was 650 MPa,
while strength was 506 Mpa for the counterpart. The yield strength of the SCC
has been increased whereas the ultimate tensile strength has decreased significantly
and it is about 22%. The elongation of the untreated specimen is about 26%, while
the elongation of the SCC specimen is about 36%. From the test results, it can be
inferred that the SCC tested specimen increased the ductility but reduced the ultimate
strength.Deformation on the fracture surface is causedwill be discussed in the section
of micro-mechanism failure analysis. The anodic dissolution of material led to the
loss in cross-section resulting in varied tensile behavior of stress corroded specimen.
The effect of SCC is witnessed in terms of loss material as a reduction of area. There
is a decrease in the strain with an increase in the load-carrying capacity in the elastic
range indicates the loss of ductility.

3.3 Micro-mechanism Failure Analysis

The fracture surface of the failed samples was examined using a scanning elec-
tron microscope (SEM) to evaluate fracture modes. The macroscopic fracture and
the characteristics of the tensile fracture surface were examined. This examination
also provided information on themicroscopic mechanisms prevailing tensile fracture
surface. During slow strain rate tensile load failure, the formation of the voids, coales-
cence of voids, initiation of crack, crack growth, and rapid failure has occurred in
the untreated specimen. The formation of multiple cracks at the circumference pene-
trates the material at a rapid speed; finally, fails as bulk shearing of the material.
The formation of multiple cracks acts as triggering portion originated by the virtue
of the stress corrosion, are denser on the circumference of the material compared to
untreated, but the depth of the dense cluster cracks is very less. The fractured facets
of untreated specimens exhibit dimples and tears ridges around the periphery of the
facets as illustrated in Fig. 7. The fracture facets of the untreated specimens reveal an
elongated fracture, whereas pre-stressed brittle failure for treated specimen surfaces.
Similar sets of facets were witnessed [16–20]. It consists of many small dimples and
several deep cracks, indicating a ductile fracture mechanism as indicated in Fig. 8b.
Themicrostructure of the stress corroded specimen (Fig. 8) shows pre-existing cracks
which led to the mixed mode of brittle and ductile cracking inferred due to the pres-
ence of a mixture of cleavage and micro void coalescence at the micro-scale and the
same can be witnessed by the presence of shear lips. The image analysis reveals a
quasi-brittle fracture. The failure indicates that the mechanism of localized plastic
deformation, induced by anodic dissolution plays a dominant role in the SCC and
is a consequence of a decohesive process. In essence, the SCC is a corrosive state.
Corrosion is a continuous electrochemical mechanism in which both crack initiation
and propagation are regulated by dissolution. Both mechanical fracturing and disso-
lution have been combined in this experiment. When exposed to corrosive media, the
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Fig. 7 SEM images of untreated specimen. a Initiation of multi-cracks due to tensile loading and
b overload fracture surface showing microvoids and microcracks

Fig. 8 SEM images of treated fracture surface showing a stress corrosion dominant region showing
subcritical cracks and b coalescence of voids and fracture at the overload zone

pre-existing microcracks caused by prestressing formed a fine series of small corro-
sion subways. These subways expand in diameter and length until the remaining
fragment is stressed to the point of ductile deformation and fracturing. As a result of
the grooved fracture surface, microvoid coalescence at the fractured fragment was
observed experimentally.

4 Conclusions

SCC is one of the key sources of an unforeseen and disastrous breakdownof industrial
plants. The applied load, material condition, and corrosive environment are three
aspects that are important for this form of failure to occur. The cracking condition
for each metal or alloy is unique and not all environmental conditions endorse the
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SCC failures. The influence of the pre-stress condition on spring steel was studied
to investigate the stress corrosion cracking of spring steel.

• The stress corroded material cannot sustain more loads even in the elastic limit.
The yield strength of the untreated sample is comparatively high. The treated
specimen exhibited brittle behavior compared to the untreated specimens and
showed much smaller elongation at fracture.

• The fracture surface of the untreated specimen reveals a flat fracture surface with
shallow radial marks associated with a cleavage mechanism while dimples, typi-
cally associated with a nucleation-growth-coalescence mechanism, are present
with the bright fibers at the core region. The stress corroded specimen microstruc-
ture reveals pre-existing cracks, which contributed to the mixed mode of brittle
and ductile cracking inferred due to the existence of a mixture of cleavage and
microvoid coalescence. The same can be interpreted with the appearance of shear
lips.

• The fractography analysis shows a quasi-brittle fracture, which suggests that the
mechanism of plastic deformation localization caused by anodic dissolution plays
a dominant role in stress corrosion cracking.

• The corrosion mechanism is related to the influence of anodic dissolution of the
steel, which can be considered significant. Cracking morphology indicated stress
corrosion cracking of carbon steel.
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Effect of pH on Electrodeposition
of Ni–Cd Alloy Coatings and Their
Anticorrosion Performance

Cindrella N. Gonsalves, I. M. Sneha, and A. Chitharanjan Hegde

1 Introduction

Cadmium (Cd) is a versatile element known for its durability, excellent electrical
conductivity, lubricity, high ductility, and solderability, and hence it is considered a
key component in various technologically important applications especially in the
battery industry. In accordance with the data provided in the U.S Geological survey
report of 2009, about 8% of cadmium is used in the coating industry of mild steel,
aluminum, and other non-ferrous metals, like copper, zinc, tin, etc. due to its anticor-
rosive property in saline and alkaline environments [1]. Besides this, electroplated
Cd has been used as a brightener since 1910 [2], as it imparts a glossy appearance to
the basemetal, and thus giving them an aesthetic value. However, due to its sacrificial
property, similar to zinc coating they tend to corrode before the base metal [3]. As a
result of which it is known to indirectly contribute towards cadmium poisoning, thus
obstructing its widespread use. Therefore, they are preferably used in combination
with other metals, like Ni [4–7], Fe [8], Co [9], Cu [10], Zn [11], and Ag [2] by the
technique of its alloy coating. When Cd is alloyed with iron group elements, like Ni
[12–14] they exhibit a peculiar codeposition behavior termed anomalous, where Cd
though less noble than Ni deposits more readily leading to high Cd content Ni–Cd
deposits, than in the bath [2]. Thus, by knowing the principles of Ni-based alloy
plating, it is possible to alter the codeposition behavior by changing the operating
parameters, like cathode current density (c.d.), electrolyte pH, temperature,metal salt
concentration [15], additives [9, 16], ionmass transport [4, 17], etc. The experimental
results revealed that Ni-based alloy coatings having low Cd content tend to be brittle
and undergo spontaneous exfoliation [2]. In recent years, glycine (NH2CH2COOH)
the simplest of amino acids is popularly used as an additive in various binary and
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ternary Zn-based alloy coatings of Fe group elements [18–23]. As the behavior of Cd
is analogous to that of Zn, the present work is focused on developing glossy, adherent,
anticorrosive Ni–Cd alloy coatings from a low concentration bath of Ni–Cd, using
citrate salt as a complexing agent, glycine as an additive under different conditions
of bath pH. It is pertinent to mention here that the purpose of the development of any
electrodeposited alloy coatings is to use it as the most prevalent corrosion-resistant
material on the surface of the most widely used engineering material in the industry.
In this direction, the present Ni–Cd alloy coating bath has been proposed by keeping
CdCl2 content in the bath to the minimal (only 5 g L−1). The purpose of this study
is, to establish the effect of pH on the surface morphology of Ni–Cd alloy coatings,
and to minimize the use of environmentally hazardous Cd in the bath.

2 Experimental

2.1 Preparation of Optimal Bimetallic Ni–Cd Bath

The preliminary studies were focused on the formulation of optimal Ni–Cd bath
through the standard Hull cell method described elsewhere [24]. The bath was
prepared by dissolving the NiCl2.6H2O salt and CdCl2 salt. All chemicals (LR grade)
including trisodium citrate (Na3C6H5O7.2H2O) as a complexing agent, NH4Cl as
conducting/supporting electrolyte, and glycine (NH2CH2COOH) as additive were
homogeneously dissolved in double distilled water. The electrolyte is later filtered
to remove undissolved impurities. Hull cell analysis was performed in a trape-
zoidal PVC container of 267 cm3 electrolyte holding capacity, containing cathode as
mechanically buffed pre-treated copper panels (10.0× 7.0 cm2) with an exposed area
of 10.0× 3.0 cm2, and anode as graphite having the same exposed area. Solution pH
was initially noted, and the cathode was immersed in the electrolyte in an inclined
position for the galvanostatic Hull cell test. 1.0 A cell current was applied, using a
DC power source (DC power Analyzer, Agilent Technologies, Model: N6705C) for
300 s. The binary Ni–Cd alloy coating was deposited on the cathode and then rinsed
with double distilled water. The coated Hull cell panels, after drying were overlaid
on the Hull cell ruler to assess the current density (c.d.) range to get the satisfactory
coating. The uniformity of Ni–Cd alloy coating was improved by adding 1.0 g L−1

glycine into the electrolyte. The composition and operating variables of the bath
required to get satisfactory coatings of Ni–Cd alloy on copper were arrived and are
given in Table 1.
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Table 1 Optimal Ni–Cd bath
composition and operating
parameters used for the
solution pH variation study

Bath content Composition
(g L−1)

Operating parameters

NiCl2.6H2O 66.0 Cathode: Copper
panel

CdCl2 5.0 Anode: Graphite

Na3C6H5O7.2H2O 100.0 Current density:
2.0 A dm−2

NH4Cl 33.0 Duration: 600 s

NH2CH2COOH 1.0 Electrolyte pH: 2.0,
4.0, 7.0, 8.0, 10.0

2.2 Effect of pH on Electrodeposition

To understand the effect of electrolyte pH on the coatings formed, conventional
galvanostatic electrodepositions were carried out at different pH with a fixed c.d.
of 2.0 A dm−2. Copper substrate (7.5 × 3.0 cm2 dimension) with an exposed
plating/deposition area of 3.0 × 3.0 cm2 was used as the cathode. Before electrode-
position, themechanically buffed copper panels were subjected to solvent degreasing
using trichloroethylene (TCE) as a solvent and pickled with 1:1 HNO3. The solution
pH was altered in a sequence of 2.0, 4.0, 7.0, 8.0, and 10.0, and accordingly, the
Ni–Cd alloy coatings were carried out for 600 s in a custom-made electrolytic cell.
At the end of the deposition, the panel was removed from the electrolytic cell, rinsed
with double distilled water, air-dried, and placed in a desiccator to avoid moisture
attack. As the pH of the bath increased to > 10.0 it resulted in the precipitation of
Ni(OH)2. Therefore, electrodepositions were confined to the value of pH up to 10.0.

2.3 Electrochemical Corrosion Study

The anticorrosion performance of binaryNi–Cd coatings electrodeposited at different
pH was evaluated in 3.5% NaCl medium at 303 K using a computer-controlled
Potentiostat/Galvanostat (PARVersaSTAT3-400, Ametek Instruments). The electro-
chemical corrosion studies were performed in a customized three-electrode cell, as
shown in Fig. 1, using platinized platinum as the counter electrode, saturated calomel
electrode (SCE) as the reference electrode, and Ni–Cd electrodeposited coatings as
working electrode (WE), with an exposed surface area of 1.0 cm2.

Initially, the open circuit potential (OCP) was identified by subjecting it to a
steady-state condition for 5 min. Further, electrochemical impedance spectroscopy
(EIS) studywas carried out by applying an alternate current (AC) of a small amplitude
of 10 mV, in the frequency range of 100 kHz–10 MHz. Nyquist plots corresponding
to different Ni–Cd coatings were drawn. The corrosion rates (CR’s) of Ni–Cd alloy
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Fig. 1 The experimental set up used for the electrochemical corrosion study of electrodeposited
Ni–Cd alloy coatings

coatings, corresponding to different c.d.’s was evaluated by potentiodynamic polar-
ization approach. The polarization ofWEwas carried out at a scan rate of 1.0 mV s−1

with a potential rampof±250mV fromOCP.CR’swere calculated byTafel’smethod
of extrapolation. The corrosion current (icorr) and corrosion potential (Ecorr) values
were obtained and the corrosion rate (CR) was calculated using the standard Eq. (1),

CR(mmy−1) = K × EWalloy × icorr
Dalloy

(1)

where K is the conversion factor (0.00327), icorr is corrosion current density in
μA cm−2, E.Walloy is the equivalent weight of the alloy, and Dalloy is the density
of the alloy in gcm−3.

2.4 Surface Analyses

Changes in the surface morphology of binary Ni–Cd coatings electrodeposited at 2.0
A dm−2 at varied pH were studied using a Scanning Electron Microscope (SEM,
Model Zeiss, Germany), interfaced with Energy Dispersive X-ray Spectroscopy
(Oxford Instruments). To confirm the presence of constituent elements (Ni and
Cd), within the coatings, and approximate wt.% of metals at which they have been
alloyed in the coatings, Energy Dispersive X-ray Analysis (EDAX) was carried out.
Besides, the crystallographic phase structure determination was carried out through
X-ray Diffraction studies (JEOL, JDX-8P) using Cu Kα (λ = 1.5406 Å) radiation,
in continuous scan mode with a scan rate of 2°min−1.
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3 Results and Discussion

3.1 Influence of pH on Electrodeposits

Among many other deposition parameters, the pH of the electrolyte is considered
to bring in a remarkable change in the nature of electrodeposits. Figure 2 shows
the photographs of the Ni–Cd alloy coatings obtained at varied pH from the Hull
cell optimized Ni–Cd bath at 2.0 A dm−2. It was observed that at acidic pH the
coatings were dull and powdery. This is because, during electrolytic deposition,
there is a discharge of H+ ions along with the metal ions being deposited. At acidic
pH, the concentration of H+ ions is more, or in other words, there is excessive
diffusion of H+ ions towards the cathode surface. Moreover, in aqueous electrolytes,
Cd tends to precipitate out as its hydroxide at lower pH than Ni [2] and this causes
a detrimental effect on the plating rate, thereby leading to burnt deposit as shown in
Fig. 2. The coatings obtained at pH 8.0 were visually bright and adherent. Usually,
Ni–Cd coatings though appear bright, are brittle, and tend to exfoliate. But this has
beendrastically reducedby the combined effect of trisodiumcitrate alongwith a small
amount of glycine (1.0 g L−1), thereby intensifying the brightness and homogeneity
of the coating at pH 8.0. This could be because between pH 4.0 and 9.0, glycine
exists in its zwitterionic form (NH2CH2COO)±, thus acts as a buffer and prevents the
precipitation of metal hydroxides from electrolytic bath [25]. However, with further
increase of electrolyte pH to 10.0, the deposit showed a non-uniform appearance,
i.e., having both bright and dull areas that could be ascribed to the local alkalinity
caused by the increased H2 evolution at the vicinity of the cathode surface [2], at the
same time the existence of glycine in its anionic form (NH2CH2COO)− above pH
9.0 [25] leads to the formation of [Ni(NH2CH2COO)3]− complex which accelerates
the electroreduction of Ni2+ ions [26, 27].

Fig. 2 Nature of binary Ni–Cd alloy coatings electrodeposited at pH 2.0, 4.0, 7.0, 8.0, and 10.0
using c.d. = 2.0 A dm−2
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3.2 SEM-EDAX Study

The SEM images of binary Ni–Cd alloy coatings developed at pH 2.0, 8.0, and 10.0
(only representative) are shown in Fig. 3. It is observed that at pH = 2.0, a large
number of Ni–Cd micro-spheroid-like structures were observed which decreased
with an increase of pH up to 8.0. It may be explained by the fact that on passing
the direct current (DC) through an electrolyte, alongside the deposition of Ni–Cd
alloy coating on the surface of the cathode, rigorous discharge of H2 gas do take
place on its surface, which is responsible for the formation of pits/gunnies on its
surface. But at pH 10.0, a drastic change in the surface morphology was found with
continued unevenness on the surface, but with no pores. This change in the nature
of the deposit could be due to the excessive alkalinity of the electrolyte [4]. Thus, it
may be concluded that the pH of the electrolyte influences the surface morphology
of the Ni–Cd alloy coatings.

To know the composition of Ni–Cd alloy coatings deposited at different pH,
Energy Dispersive X-ray Analysis (EDAX) was carried out. The composition of the
binary Ni–Cd alloy coatings, in terms of wt.% of Ni and Cd, developed at different
electrolyte pH are shown graphically in Fig. 4. It may be seen that at the acidic
conditions of the bath, i.e., pH= 2.0, the wt% of Cd (less noble metal) in the deposit
is much higher (53.1%) than in the bath (7.6%), shown by the horizontal line in
Fig. 4. At low pH, the wt% of more readily depositable Cd is much higher in the
deposit than noble Ni. It may be attributed to the fact that less noble Cd suppresses the
codeposition of Ni [2]. But with a gradual increase of pH, wt % of Cd in the deposit
has decreased and reached a minimum value of 11.6%. This increase of noble metal
(Ni) content with an increase of pH indicates that the mode of deposition of Ni–Cd
alloy coatings tends to vary from anomalous to normal type. It may be attributed to
the fact that Ni–Cd alloy coating can follow both anomalous and normal types of
codeposition depending on the alkalinity of the bath, as envisaged by Brenner [2]. At
lower limits of pH, Ni–Cd bath follows a peculiar anomalous type of codeposition.,
i.e., less noble Cd deposits preferentially than nobler Ni; and at higher limits of pH,

Fig. 3 Microstructure of Ni–Cd alloy electrodeposited alloy coatings at different pH: a 2.0, b 8.0
and c pH 10.0
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Fig. 4 Graphical representation showing the change of Ni and Cd content in the Ni–Cd deposit,
with the change of pH

it follows a normal type of codeposition., i.e., nobler Ni deposits preferentially than
less noble Cd. It is evident from the plot of change of metals contents in the deposit
with the change of pH, shown in Fig. 4.

3.3 Corrosion Performance Analysis

3.3.1 Electrochemical Impedance Spectroscopy (EIS) Study

Electrochemical impedance spectroscopy (EIS) is an invaluable AC perturbation
technique that measures the response of an electroplated specimen to a low ampli-
tude AC signal applied over a range of frequencies at OCP. Generally, EIS data is
evaluated utilizing Nyquist plots obtained by drawing imaginary (Z im) impedance
against real (Z re) impedance. Figure 5 represents the Nyquist response obtained for
electrodeposited binary Ni–Cd coatings developed at 2.0 A dm−2, at different pH of
the bath. It is observed that all the coatings exhibit only one capacitive loop or a single
incomplete semicircle irrespective of varied pH. This implies that a single charge
transfer process is involved in the corrosion process of all coatings. However, there
is a significant increase in the value of polarization resistance (Rp) with an increase
in electrolyte pH. The maximum axial radius observed for Ni–Cd coating corre-
sponding to pH= 8.0 indicates that it is the most corrosion-resistant, compared to all
other coatings. To understand the corrosion mechanism electrochemical simulation
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Fig. 5 Nyquist plots of Ni–Cd alloy coatings deposited at constant c.d.= 2.0 A dm−2 and different
pH. The electrochemical simulation of the impedance response, with equivalent circuit, is shown
in the inset

of Nyquist plot corresponding to Ni–Cd alloy coatings, showing the least corrosion
rate was made and the data were fitted with an equivalent circuit. It is shown in the
inset of Fig. 5.

3.3.2 Potentiodynamic Polarization Study

The corrosion behavior of binary Ni–Cd coatings electrodeposited at 2.0 A dm−2

under different electrolyte pH was quantified through potentiodynamic polarization
study [28] recorded vs OCP. All corrosion rates (CR) were determined by extrapo-
lating the Tafel response and the Tafel plots are as shown in Fig. 6. The observedEcorr

and icorr values corresponding to each coating obtained at varied pH are tabulated in
Table 2. It is seen that the Ecorr shifted to the nobler end up to pH 8.0, along with the
decrease in icorr value. From Eq. (1), it may be noted that icorr is directly proportional
to CR. Therefore, it can be inferred that the Ni–Cd alloy coating deposited at pH 8.0
shows a maximum corrosion resistance.

The composition and corrosion data of Ni–Cd alloy coatings corresponding to
different c.d.’s are reported in Table 2. From the data, it may be observed that CR
decreasedwith an increase of pHup to 8.0, and thendecreased.Thismaybe accounted
for by the fact that at pH = 2.0, less noble Cd (wt% 53.1) deposited more readily
than Ni, thus favoring anomalous type of codeposition. However, when the pH was
raised to 8.0, the wt% of Ni in the alloy coating is found to be increased to 74.7%,
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Fig. 6 Tafel plots obtained for binary Ni–Cd alloy coatings deposited at different electrolyte pH
when subjected to potentiodynamic polarization study

supported by EDAX compositional analysis. On the further increase of pH to 10.0,
the corrosion rate increased despite the increase of Ni content in the deposit. This
may be attributed to the increased porosity of the coatings due to the formation
of metal hydroxides [4]. Therefore, from the composition and CR data, it may be
concluded that the pH of the bath has a significant role in increasing the Ni content
in the deposit which facilitated the corrosion resistance of the binary Ni–Cd alloy
coating. In other words, the inherent anomalous type of codeposition of Ni–Cd alloy
coating has shown a tendency to follow a normal type of codeposition as the pH of
the bath has increased.

3.4 XRD Study

XRD patterns of Ni–Cd alloy coatings deposited at the 2.0 Adm−2 but at different pH
are shown in Fig. 7. TheX-ray diffractograms showed the presence of both Cd andNi
in the deposit by exhibiting the XRD peaks at 2θ = 43.2 and 74.1° corresponding to
Cd (102) (200) phases, and 2θ = 44.5 and 50.8° representing Ni (111) (200) phases
respectively, arrived by comparing those with representative JCPDS data files. The
additional Cd (101) peak corresponding to pH = 2.0 at 2θ = 38.7° was found to
disappear with an increase of pH as shown in Fig. 7. It supports the fact that an
increase of pH favored the deposition of coatings having higher wt.% of Ni.
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Fig. 7 XRD patterns of Ni–Cd alloy coatings deposited at 2.0 Ad m−2 and various pH

4 Conclusions

Based on the experimental investigations of this study, the following conclusions are
made:

• A new citrate bath has been developed for obtaining smooth and uniform coatings
of binary Ni–Cd alloy using glycine as the additive.

• Corrosion study of Ni–Cd alloy coatings deposited at different pH and constant
c.d. of 2.0 A dm−2 revealed that pH of the bath was detrimental in controlling the
composition and in turn the corrosion resistance property.

• A bright and adherent Ni–Cd alloy coating deposited at pH = 8.0, having about
74.7 wt% Ni is found to be the most corrosion-resistant compared to all other
coatings.

• A drastic increase of corrosion resistance of Ni–Cd alloy coatings with increasing
pH is attributed to the increased Ni content of the alloy. It may be attributed to the
change in the inherent anomalous type of codeposition of Ni–Cd alloy coating to
the normal type of codeposition.

• The least CRofNi–Cd alloy coating deposited at pH8.0 is ascribed to its improved
surface morphology, composition, and phase structure supported by SEM-EDAX
and XRD analysis, respectively.
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A Study of Electrodeposited Gold Thin
Films Using a Confocal Laser Scanning
Microscope

Vaishali Umrania and Sharad Shukla

1 Introduction

Gold plating is used for microwave modules mainly to impart engineering prop-
erties. Gold plating is carried out on Aluminum alloys, Kovar, Invar, and SS 304
for imparting engineering properties namely electrical conductivity, corrosion resis-
tance, solderability, electromagnetic interference (EMI)/ electromagnetic conduc-
tance (EMC), etc. The pulsed reverse current (PRC) plating is a multifaceted tech-
nique for formulating nano-ordered metals, alloys, and composite film formation
[1–4]. Theoretical considerations of the PRC deposition process are stated in many
reports [5–12]. There are a lot of studies on silver pulse plating [2, 13–16] but for
reverse pulse gold plating, very less literature is found. The quality of gold plating is
controlledbygold concentration, pH, temperature, current density, currentwaveform,
mechanical agitation, anode–cathode ratio, etc. [17].

In this work, a process series is established for gold plating on Al 6061 T6 [18].
Acidic gold cyanide plating chemistry K[Au(CN)2] is used owing to its better plating
rate, high current densities, uniform deposit distribution, and stability. The present
study is aimed at investigating the effect of current density parameters on plating
surface finish. The electrodeposition mechanism is better understood by using pulse
current as a tool [19]. This method of deposition can improve the deposit properties.
PC and PRC play a major role in determining the surface roughness and structure
of gold deposits. PRC deposits demonstrated superior performance than DC for
certain electronic applications [20]. Composite materials, semiconductors, metals,
and alloys can be deposited by various combinations of the forward and reverse pulse
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parameters. Enhanced characteristic materials can be obtained by careful control of
mass transport and reaction kinetics [8]. Gold thin film is deposited from cyanide
bath with pH below 7. Direct and square wave pulse currents have been experimented
with. Pulse (PC and PRC) electrodeposition is applied to produce a deposit with a
finer grain size in comparison with direct current (DC) electrodeposition.

Confocal LaserMicroscope (CLM) is superiorwith respect to conventional optical
microscopes. It can perform diversified measurements such as surface roughness
measurement, height gap, and shape measurement [21]. In a confocal beam path,
CLM uses laser light to capture small optical segments of samples and are compiled
to form 3D images [22]. The surface morphology, the surface roughness of the gold
thin films deposited by DC, PC, and PRC were analyzed by CLM.

2 Experimental

Al alloy 6061-T6 specimens (dimension: 100 mm × 25 mm × 1 mm) having three
delta surface finish were used for gold plating. The process sequence was soap
solution cleaning, acid cleaning, alkaline zincating, autocatalytic nickel plating, and
top layer gold plating. Aluminum comes in the category of difficult-to-plate material
because it has a natural oxide film in its stable state. It is very difficult to remove it
and specific pre-treatment is required prior to electroplating. Standard guidelines as
per ASTM B 253–87 were followed for pre-treatment of aluminum alloy 6061 T6
[23]. All the samples which were to be plated by DC, PC, and PRC method were
electroless nickel plated together in one batch to keep similarity in the surface finish
by electroless nickel plating. The coatings were produced in an electrolyte based on
K[Au(CN)2] and citric acid/sodium citrate buffer. Plating was done for 30 min at
an average current density of 2 A per square feet to get gold plating thickness of 2
± 0.2 µm. Bath parameters such as gold concentration, temperature, and pH were
studied in earlier work [17]. The plating bath parameters are given in Table 1.

The present investigationwas focused on the relative study of surface finish ofDC,
PC, andPRCgold thinfilmsonAl alloy 6061T6.CLMmicrophotographs of gold thin
films on aluminum specimenswith various power supply regimes (DC, PC, and PRC)
were recorded.Various parametersweremonitored, such as pulse parameters, current
graph, plating thickness, CLM image, and particle size. As per the theory described
in the literature [5], sample parameters were decided such that the average current
remains constant. Various pulse duty cycles of 1–100%, at frequencies 10–100 Hz
with a variable current density of 10–100 A per square feet (ASF) were applied, and

Table 1 Plating bath
parameters

S. No. Parameters Values

1 Gold concentration 10 ± 1 g/l

2 pH of the bath 4.9 ± 0.5

3 Temperature of the bath 65 ± 1 °C
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its effect on particle sizewas studied. Approximately 80 sampleswere prepared using
different PRC parameters to get desirable grain size and surface roughness. Pulse
reverse power supply offers flexibility to choose forward and reverse current density,
time, and duration separately. During PRC plating, current is swapped quickly amid
different values, so pulses series of equal duration, polarity, and amplitude is formed.
Each pulse is having zero current in between two successive pulses. During ON–
time current is applied and during OFF—time current is not applied. So small grains
are formed which can pack together in a better way resulting in less porous and
fine-grained deposits [24].

In the case of DC, only one parameter can be selected, which is the current density
of 1–3 ASF. In the case of PC total of seven parameters can be selected. In PRC,
there is flexibility to choose 17 parameters. The range of parameters employed in this
study for PC and PRC are given in Table 2. The various parameters involved in the
electrodeposition have been studied for revealing the relation with themicrostructure
in order to improve the process of synthesizing nanostructured gold. The rate ofmetal
deposition in PC might be the same as DC for identical current parameters. At a low
duty cycle, a high current was required to obtain the same average deposition rate
as DC and a minimum of 10–50% duty cycles was required to get PC. At high duty
cycles, PC gives almost the same characteristic deposition as DC. During ON—time
fully charged double layer was not formed, if frequency is high. In case of less OFF–
time, double layer didn’t get enough time to discharge [5]. So, lower duty cycles,
lower frequency, and higher off times were applied. Thin filmwith grain size down to

Table 2 Parameters for PC
and PRC

S. No Parameters PC PRC

1 Forward on time 0.1–1 ms 0.1–1 ms

2 Forward off time 0–9 ms 0–9 ms

3 No. of forward cycle 1–30 1–30

4 Forward duration 1–300 ms 1–300 ms

5 Reverse on time – 0.1–1 ms

6 Reverse off time – 0–9 ms

7 No. of reverse cycle – 1–10

8 Reverse duration – 0–60 ms

9 Frequency – 10–100 Hz

10 Forward current density 10–100 ASF 10–100 ASF

11 Reverse current density – 0–250 ASF

12 Average current density 1–8 ASF 1–8 ASF

13 Current ratio – 0–3

14 Positive duty cycle – 1–100

15 Negative duty cycle – 0–50

16 On duty cycle 1–100 1–100

17 Cycle time 1–100 ms 1–100 ms
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a few nanometers was produced. The effects of frequency and duty cycle on coating
thickness, morphology, and particle size were studied. After finalizing parameters for
DC, PC, and PRC plating, six samples each designated as D1, D2, D3, D4, D5, and
D6 were plated by DC, P1, P2, P3, P4, P5, and P6 were plated by PC and R1, R2, R3,
R4, R5, and R6 were plated by PRC to get the average reading of surface roughness
measurement. The topography, surface roughness, and surface morphology of DC,
PC, and PRC gold thin films were studied by CLM analysis for the bare sample and
plated samples. The samples were observed under a laser, and 3D photographs were
taken at 17000X magnification.

3 Results and Discussion

The surface roughness of the specimen had a significant effect on coating surface
appearance. Grain size reduction and smoother surfaces lead to a reduction in
porosity. All 18 specimens were subjected to surface roughness measurement before
and after DC, PC, and PRCgold plating. In an electroplating bath, oppositely charged
ions are aligned near anode and cathode, forming an electrical double layer. For
plating, positive ions must move through the solution to reach the cathode. During
DC, double layer gets charged to a limited extent which creates a hindrance to
upcoming ions to the substrate. When pulse current is applied, the positive ions get
enough energy to break up electrical double layer and reach the cathode. Grain nuclei
are initiated during off time in PC. So in unit area,more grains can be accumulated. At
high current density, nucleation rate is also higher which results in a fine-grained thin
film. It was evident that surface roughness was more after DC plating and decreased
after PRC plating. Details of measurement are given in Table 3.

Table 3 Surface roughness data for DC, PC, and PRC plated samples

Specimen Surface
roughness Ra µm

Specimen Surface
roughness Ra µm

Specimen Surface
roughness Ra µm

DC plating
process

PC plating
process

PRC plating
process

Before
plating

After
plating

Before
plating

After
plating

Before
plating

After
plating

D1 0.155 0.214 P1 0.200 0.195 R1 0.173 0.167

D2 0.172 0.203 P2 0.162 0.155 R2 0.187 0.157

D3 0.235 0.265 P3 0.235 0.229 R3 0.158 0.135

D4 0.202 0.186 P4 0.202 0.196 R4 0.209 0.184

D5 0.172 0.235 P5 0.192 0.188 R5 0.183 0.159

D6 0.180 0.251 P6 0.195 0.189 R6 0.207 0.185
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Fig. 1 Surface roughness analysis by CLM

Surface roughness profiles after DC, PC, and PRC gold plating are given in Fig. 1.
The profile of reverse pulse plated coating was very smooth indicating lower rough-
ness. The profile of pulse plating coating showed only one peak and the DC plated
coating profile showsmore peaks which is evident from its higher surface roughness.

No pores were visible in the CLM photographs of the gold thin film plated by
PRC, and DC coating showed pores. The CLM photograph of the PRC plated gold
thin film was denser than the DC. So, porosity is almost diminished in PRC plated
thin film as evident in Figs. 2 and 3. It is clear that PRC gold plated sample showed
smaller grain size and less porosity as compared to DC gold plated films.

3D Morphology indicated that PRC plated samples were more uniform than DC
plated ones. The surface finish was better in PRC plating than DC plating (Fig. 4).

Fig. 2 Color images of gold plated specimens obtained by CLM
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Fig. 3 Height analysis by CLM

Fig. 4 3D Morphology images of DC, PC, and PRC gold plated Al

The grain size was measured from 3D morphology images. It was efficiently
reduced to 25–50 nm for PRC film from 1300 to 2500 nm observed for DC film and
500–700 nm grain size was observed for PC films. In DC plating the voltage and
current distributions are not always uniform, even if the work surface is planar. The
concentration of the gold ions near the interface will also deplete over time. Thus the
deposit may become non-uniform. In a pulsed deposition, between the deposition
pulses, some time is offered to build the reactant concentration near the interface. In
PRC, during anodic pulse, protruding material will preferentially etch, leading to a
smooth surface in the final product.
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4 Conclusions

An efficient plating method was developed and used for electroplating gold thin film
on aluminum. Pulse reverse current (PRC) plating proved to be more advantageous
than direct current (DC) plating for getting smoother and fine-grained deposits. The
parameters were optimized by carrying out various experiments. From the experi-
mental data, it has been concluded that less porous and fine-grained good quality
deposits were obtained at lower duty cycles and lower frequency. Surface roughness
was found to be significantly less in PRC film compared to DC and it was in between
for PC film. Results indicated that PRC plated gold samples were more uniform and
proved to be superior as compared to DC plated ones. This method of electroplating
yields an improved finished appearance of metal surfaces.
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One-Pot Solvothermal Synthesis of Spinel
MgFe2O4 Nanoparticles as a Promising
Cathode Material for Rechargeable
Mg-ion Battery

Vinay Gangaraju , Kunal Roy , Mahesh Shastri ,
Navya Rani Marilingaiah , Manjunath Shetty , Hiroaki Kobayashi ,
Takaaki Tomai, Prasanna D. Shivaramu , and Dinesh Rangappa

1 Introduction

In the last few years, a major part of the research in the chemical and electrochem-
ical field has shown substantial interest and attention towards the development of
novel rechargeable batteries as alternative energy storage systems to the lithium-ion
battery technology [1–6]. Beyond the rechargeable Li-ion battery, currently, Mg-ion
rechargeable batteries are getting much attention to alleviate energy storage needs
due to their high natural abundance, safety, high specific capacity (2205 Ah kg−1),
and especially high volumetric energy density (3833 mAh cm−3) [7–9]. Due to the
divalency of Mg-ion, it can phenomenally lead to a large theoretical capacity by the
redox reaction of Mg/Mg2+ [10]. Compared to Li-ion battery systems, the develop-
ment of multivalent Mg-ion battery system could not make significant advancement
previously because of two reasons: (a) kinetically baffled intercalation and Mg-ions
diffusion within the lattice of host materials and (b) discordance of a high electrolytic
window with the metallic anode and high-voltage cathodes [11–13].
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So far, comparatively low capacities and cell potentials have been used in the case
of intercalation cathodes besides the significant capacity declining over few cycles.
The main factors behind these problems include slow diffusion of Mg2+- ions by
increasing the electrode polarization, which results in ion-trapping on the electrode,
and co-intercalation of solvent molecules causing the severe structural distortion and
decomposition of cathodematerial and instability of intercalates. Another problem is
the formation of passivation layer solid-electrolyte interface (SEI) with Mg2+ trans-
portation, which hinders the cell performance efficiency. Therefore, future research
directions mainly involve the structural modifications of intercalation as well as
conversion electrodes to improve cell efficiency [5]. Thus, MgFe2O4 spinel struc-
tured oxide can be an attractive electrode material for the application of Mg-ion
batteries having a theoretical capacity of 804 mAh g−1 because the weak MgO does
not get reduced during the discharge process of the cell [14–20].

Among various compounds that have been extensively studied as cathode mate-
rials for Mg-ion battery, metal sulfides with Chevral phase such as Mo6S8 are one
of them [7]. But their low terminal voltage (1.0–1.2 V) limits their applicability as
a future generation electrode material. Despite the potentially high energy density
of some metal oxides (like V2O5, MoO3, MnO2, etc.), slow Mg2+ ion diffusivity
makes their rate capability also low [21]. While discussing ion diffusivity, spinel
metal oxides (AB2O4) have attracted growing interest because of their high diffu-
sivity [22, 23]. To date, extensive work has been carried out on spinel metal oxides
for Li-ion batteries, Mg-ion batteries, Na-ion batteries, etc., but very few of them
were explored as cathode materials. Recently, Yokozaki et al. [24] have reported
the spinel MgMn2O4 that can exhibit a theoretical capacity up to 540 mAh g−1 for
both Mn3+/Mn4+ and Mn3+/Mn2+ redox transformation at the electrolyte window
of < 3.5 V (vs. Mg/Mg2+), while a discharge capacity of 60 mAh g−1 with 80%
capacity retention have been found. Thackeray et al. [25] synthesized LiMn2O4 for
the first time that exhibited outstanding electrochemical performance as a cathode
during lithium intercalation with a terminal voltage of 3.0–4.0 V (vs. Li-metal) [26].
Moreover, it has been observed that the properties of spinels can be tuned by the
partial replacement or substitution of Mn with Ni, Co, or Cr to increase the voltage
up to 5.0 V [27–30].

In the past two decades, several investigations have been carried out on Mg-ion
batteries for the development of new electrode material. Various spinel metal oxides
including MgM2O4 (M = Mn, Fe, Ni, Co, etc.) are studied for the advancement
of the electrode material. Several researchers have extensively studied the design
and electrochemical performance analysis of spinel MgMn2O4 (capacity up to 270
mAh g−1) [2, 24, 31], MgCo2O4 (capacity of 124 mAh g−1) [32], and Mg2/3Ni4/3O2

(capacity of 69.8 mAh g−1) [32] as cathode materials for Mg-ion battery. Various
spinel ferrites have been studied from their molecular and theoretical point-of-view
including Fe3O4 [33–35], ZnFe2O4, and MgFe2O4, and reported that there would be
a significant change in delivered capacity and structural deformation due to different
divalent cation occupancy in the spinel.

Thus, the above-mentioned material has advantages and structural similarities
with MgCo2O4 and MgMn2O4 (efficient cathode material for Mg-ion battery, as
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reported by Truong et al. [24, 32]). This has motivated us to design and analyze
the performance of spinel MgFe2O4 as an emerging cathode material for Mg-ion
batteries. One of the most effective methods to improvise the cathodic performance
in an electrochemical cell is by controlling the size of the nanoparticles for boosting
ion transportation into the host lattice [36]. Thus the hydrothermal and solvothermal
processes are of great interest on account of their simplicity and efficiency, with
good control over target particle sizes and morphology [37, 38]. Moreover, there are
no reports on the one-pot solvothermal synthesis of MgFe2O4 as a cathode material
for the Mg-ion battery available to date. Hence, in this investigation, the one-pot
facile solvothermal synthesis of MgFe2O4 nanoparticles has been explored. Simul-
taneously, the cathode performance is analyzed by conversion reaction phenomena
for the first time that can pave way for the application of MgFe2O4 as a cathode in a
rechargeable Mg-ion battery.

2 Experimental Section

2.1 Materials

Required materials for the synthesis of MgFe2O4 nanoparticles (NPs) are
FeCl3.6H2O andMg(NO3)2·6H2O (Lobachemie LaboratoryReagents&FineChem-
icals) were used as major precursor salts. NaOH (ChemLabs) (3.5 M) and sodium
dodecyl sulphate (SDS, Merck) (21 mM) were used as reducing agents and capping
agents, respectively with ethylene glycol (SD Fine Chemicals Ltd.) (40 mL) as a
solvent. All the chemicals used for this one-pot solvothermal synthesis were of
analytical grade.

2.2 Preparation of MgFe2O4 Nanoparticles by One-Pot
Solvothermal Method

During the synthesis ofMgFe2O4, initially, the above-mentioned precursor salts were
taken in a stoichiometric ratio of 1:2 (Mg:Fe) in differentmolar concentrations. Then,
the precursor materials were added individually in 40 mL of ethylene glycol solvent.
After adding both precursors (hydratedMg-nitrate and Fe-chloride), the mixture was
stirred for 1 h. Later, NaOH and SDS were added at conc. of 3.5 M and 21 mM,
respectively, and stirred for another 1 h. The SDS was added as a capping agent
in that solution. After 1 h, the whole homogeneous mixture was transferred into a
Teflon-lined stainless steel autoclave by keeping the autoclave in an oven at 200 °C
for 12 h [15]. After 12 h of reaction, the precipitate was magnetically separated
from the upper solvent layer and washed several times with DI water and ethanol
to remove the impurities. Then the washed precipitate was kept in a vacuum drying
oven at 60 °C for 6 h.
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2.3 Electrode Fabrication

The electrochemical performance ofMgFe2O4 was analyzed usingCR2032 type coin
cell. The working electrode, i.e., cathode consisted of cathode material (MgFe2O4),
commercial polyvinylidene-fluoride (PVDF as a binder), and acetylene black (as
conductive material) in the ratio of 8:1:1 (based on wt %). These three materials
were first mechanically ground using traditional mortar-pestle to prepare electrode
paste by adding N-methyl 2-pyrrolidone (NMP)) as solvent as per the requirement.
Then the prepared slurry was coated uniformly on the aluminium sheet and kept
inside the oven for drying at 80 °C overnight. The coated cathode sheet was then
cut into circular discs. Similarly, the anode was also prepared in the same manner
consisting ofMaxsorb (highly activated carbon), the polytetrafluoro ethylene (PTFE)
(as a binder), and acetylene black (as conductivematerial) in the ratio of 8:1:1without
using solvent and rolled into anode sheet, kept for drying in an oven. After electrode
preparation, the cell was assembled in the Ar-filled glove box. Polypropylene film
(thickness of 20–25 μm) was used as a separator in between cathode and anode and
0.5 M of Mg(OCl4)2 in acetonitrile (Mg(OCl4)2/AN) was used as an electrolyte.
After that, the fabricated cell was kept for charge–discharge cycling performance
measurement on a multichannel battery tester (Arbin Work-Station).

2.4 Instrumentation and Characterization

The structural information of the synthesized powder was analyzed by powder X-ray
diffractometry (XRD) (RigakuUltima 4 at 40 kV and 30mA) using CuKα irradiation
having a wavelength of 1.54 Å. Data were collected at a diffraction angle of 2θ with
a step size of 0.02° and the average crystallite size (Davg) was calculated using the
following equation:

Davg = 0.9λ/β cos θ (1)

where λ is the wavelength of X-rays used (1.54060 Å), β is the full width at half
maximum (FWHM), and θ is the angle of diffraction. To determine the thermal
stability of MgFe2O4 in the range of 50–800 °C, thermogravimetric-differential
thermal analysis (TG–DTA, PerkinElmer STA 8000) of MgFe2O4 was performed at
a heating rate of 10 °C/min in N2-flow. The morphology of the synthesized powder
has been obtained using a scanning electron microscope (SEM, Hitachi 150). The
compositional analysis of the synthesized powder has been obtained from Energy-
dispersive spectroscopic (EDS) analysis using EDS analyzer (Thermax) attached
with SEM. Transmission electron microscopy (TEM, Hitachi) and X-ray photo-
electron spectroscopy (XPS, ULVAC-PHI5600)) data of the as-prepared samples
were also obtained.Cyclic voltammetry (CV) and electrochemical impedance spectra
(EIS) were obtained using an electrochemical system (Origa-Lys).
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3 Results and Discussions

Based on the cation distribution in the crystal lattice, spinels (AB2O4) are categorized
into two different models, i.e., normal spinels and inverse spinels. Usually, cubic
close-packed systems are observed in normal spinels. Whereas, in inverse spinels,
octahedral sites are occupied by all the A-cations and half of the B-cations because
of the strong preference of A-cations towards octahedral sites according to Crystal
Field Stabilization Theory (CFST) [39, 40]. In light of these recent studies, the XRD
pattern of as-synthesized MgFe2O4 via the solvothermal method was recorded and
displayed in Fig. 1. The XRD pattern was identified as the inverse cubic spinel
structure with the space group of Fd-3 m. The cell parameters obtained from the
crystallographic information from the XRD pattern characterization software were:

a = b = c = 8.388
◦
A and α = β = γ = 90◦. These cell parameters are

in good agreement with the previous report [41]. The major characteristic peak of
the ferrite spinel is centered at 2θ = 35.45° and the corresponding lattice plane is
(3 1 1) providing evidence for the formation of ferrite spinel structure [42]. This
observation is similar to the earlier reports [43, 44]. No residual α-Fe2O3 formation
or other impurity phases were present in the sample. The average crystallite size of
MgFe2O4 is 59.886 nm, obtained using Scherrer’s formula (Eq. 1), corresponding to
the lattice planes (2 0 2), (3 1 1), (4 0 0), (5 1 1), and (4 0 4).

Thermal stability of spinel MgFe2O4 has been evaluated by TG and DTA method
measured in N2-atmosphere as shown in Fig. 2. The gradual (initially) loss of weight
up to 13.56% was observed below 300 °C, which can be attributed to the total
removal of physiosorbed and inter-molecular water content, interlamellar anions, and

Fig. 1 XRD pattern of MgFe2O4 synthesized by one-pot solvothermal technique
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Fig. 2 TGA/DTA curves of as-synthesized MgFe2O4 synthesized at 200 °C for 12 h by ethylene
glycol assisted solvothermal method

hydroxyl-molecules [45]. The small exothermic peak near 400 °C observed in the
DTA curve and the next sudden weight loss of 15.4% in the TG curve, corresponding
to the decomposition of existing solvent molecules (ethylene glycol) and continuous
dehydroxylation [45, 46]. After 400 °C, there was a very small percentage of weight
loss (2.65%) and continued to be stable almost throughout the temperature up to
800 °C because of pure MgFe2O4 phase formation by the conversion of unwanted
metal oxides.

The morphology of the nano-MgFe2O4 powder was studied using SEM micro-
graphs, which are shown in Fig. 3a, b. The SEM image shows the agglomerated
particles with spherical shapes. The individual particle morphology was studied
using TEM and the result is displayed in Fig. 3c, d. The TEM images clearly reveal
the presence of very fine particles with a size below 50 nm with spherical shapes
which are agglomerated. A close view of TEM images reveals that the particles are
having almost uniform morphology and size distribution.

EDS spectral analysis has been further studied for the determination of the
elemental composition of the synthesized ferritewith its phase purity. Figure 4 clearly
shows the presence of regular Mg, Fe, O characteristic peaks with pure MgFe2O4

phase. Also, the EDS analysis provided an estimation of the elemental composition
as per the composition mixed at the time of preparation.

XPS survey quantitatively explicates the compositional variance and metal ions
valence state (oxidation state) in the synthesized samples. Figure 5a has shown the
presence ofMg, Fe, andOelements confirming the pureMgFe2O4 phase. The appear-
ance of C 1 s can be considered as hydrocarbon contamination with other elements
[47]. In Fig. 5b, Fe 2p represents the existence of split-spin orbit components 2p1/2
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Fig. 3 a, b SEM images and c, d TEM images of MgFe2O4 nanoparticles synthesized by one-pot
solvothermal method

Fig. 4 EDS spectrum with SEM image on C-substrate

and 2p3/2 significantly at 709.04 and 723.09 eV, respectively. Moreover, the binding
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Fig. 5 a XPS survey scan of as prepared MgFe2O4; b–d High resolution XPS scan for Fe 2p, Mg
1 s, and O 1 s core levels, respectively

energy of 48.78 eV, displayed in Fig. 5c indicating the existence of Mg 1 s (compa-
rable to literature), confirms the presence of Mg2+ state. Simultaneously, Fig. 5d
indicates the presence of O 1 s at the binding energy of 284.72 eV.

The storage mechanism of electrode material (MgFe2O4) mainly depends on
the magnetization-demagnetization process during the conversion reaction between
spinel and rock-salt frame. This conversion reaction principle is influenced by the
redox efficiency of electrolyte cation with electrode material in a particular poten-
tial window [48] as analyzed by cyclic voltammetry in Fig. 6a. CV measurements
of MgFe2O4 against carbon are shown in Fig. 6a within the voltage window of −
1.0 to 1.0 V at a different sweep rate of 5–25 mV s−1. From Fig. 6a, two anodic
peaks can be observed at −0.016 and 0.75 V which are attributed to the transfor-
mation of MgFe2O4 from its rock-salt (Mg2Fe2O4) structure to spinel framework
by a redox reaction between electrolyte and electrode (Eq. 4). Simultaneously, two
cathodic peaks can be observed at 0.368 V and −0.462 V respectively, during the
conversion reaction from spinel to rock-salt phase, which attributes to the formation
of Mg2Fe2O4 followed by the formation Fe2O4 and (ClO4)2 in Eqs. (2) and (3). This
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Fig. 6 a Cyclic voltammogram of as preparedMgFe2O4 for one cycle at different scan rates: 5, 10,
15, 20, and 25 mV s−1, b specific capacities of MgFe2O4 at different charging rates from 0.1 to 1C
for 1st cycle, c charge–discharge profile ofMgFe2O4 at 0.1C current density, d cycling performance
of MgFe2O4 up to 50 cycles at 0.1C current density and e electrochemical impedance spectra of
MgFe2O4 scanned within the frequency range of 100 kHz to 1 Hz

phase conversion charging-discharging phenomena by redox transformation occur
by the consumption of electrolyte cations (Mg2+) to the active sites of electrode
material and its reversibility [48]. Moreover, the increase in current peaks is also
observed with increasing scan rate which indicates the good rate capability of the
cell.
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MgFe2O4 � Fe2O4 + Mg2+ + 2e− (2)

Mg(ClO4)2 � Mg2+ + (ClO4)2 + 2e− (3)

MgFe2O4 + Mg2+ + 2e− � Mg2Fe2O4 (4)

The electrochemical performance of MgFe2O4 as cathode material for Mg-ion
battery has been evaluated by galvanostatic charge/discharge process within the
voltage window from −1.0 V to 1.0 V versus C-rate. Figure 6b displays typical
charge–discharge profiles ofMgFe2O4 at different C-rates for 1st cycles, while Fig. 6c
represents the charge–discharge profile of MgFe2O4 at 0.1C only. Figure 6c displays
the charge–discharge profiles up to 50 cycles, excluding the initial 2–3 cycles after
getting stable cell voltage. The charging profiles showed an increase in potential
in all the cases (Fig. 6b). But discharge profiles initially showed a fast drop in
the voltage window from 1.0 V to −0.5 V, which may be due to the transition of
MgFe2O4 from spinel to rock-salt framework by the Mg-insertion or magnetization
into cathode. Simultaneously, the slow drop in voltage window from−0.5 to−1.0 V
with discharge capacities of 52.22, 44.35, 42.12, and 11.10 mAh/g at 0.1–2.0 C-rate
has been perceived. This can be indicated towards the surface reaction on cathode or
electrolyte decomposition due to large volume expansion-contraction in the lattice
structure of cathode with increasing C-rate [32, 49]. These high discharge capacities
compared to charge capacities may be attributed to the Mg-ion insertion into spinel
structure to transform into rock-salt phase [23, 50–54]. The discharge profiles at
0.1C, 0.5C, and 1C displayed a wide potential plateau near the potential window of
-0.75 V with larger irreversible capacity loss due to lattice distortion in the cathode
by magnesiation-demagnesiation. But the discharge plateau has been shifted to -1.0
V and got narrowed at 2C with negligible loss of irreversible capacity compared to
other cases. Figure 6d illustrates the cycling stability of the MgFe2O4 as a cathode
material. After initial 2-3 cycles, a sudden drop of specific capacity occurred and
became stable near 40 mAh.g-1 up to 50 cycles. This sudden reduction of specific
capacity may be the cause of phase transition from spinel to rock-salt or vice-versa
[32]. Consequently, the average coulombic efficiency was also stabilized after the
initial 2-3 cycles, at 88%, which may be due to the formation of a solid-electrolyte
interface. The common EIS (electrochemical impedance spectroscopy) equivalent
circuit analysis for MgFe2O4 based Mg-ion battery in Mg(ClO4)2/AN electrolyte
has been displayed in Fig. 6e where the equivalent circuit elements are RP, Cdl, and
Q1 representing the polarization resistance, double-layer capacitance, and constant
phase element respectively. It consists of a partial semicircle at higher frequency
region and a linear line at lower frequency region which corresponds to charge
transfer resistance and diffusion resistance (together polarization resistance) respec-
tively [55]. It was speculated that due to lower conductivity of MgFe2O4 led to lower
Mg2+ ion diffusion through SEI. Further, polarization resistance may also enhance
this effect and become the cause of average specific capacity reduction of the cell after
the initial few cycles.
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4 Conclusions

The present work successfully explicated the one-pot facile synthesis of single-phase
MgFe2O4 nanocrystals by solvothermal technique. Due to the uniform morphology
and high electrolyte-ions interfacial contact, its applicability as an emerging electrode
material for rechargeable Mg-ion batteries has been elucidated. Herein, MgFe2O4

was used as a cathode material, following the principle of conversion type electrode
by participating in large volume expansion reaction phenomena which simultane-
ously allowed the Mg2+-ion diffusion into the lattice as well as structural distortion.
Hence, at a lower current rate (0.1C), it showed a discharge capacity of 52.22 mAh/g
in 1st cycle, but after the initial few cycles, capacity decreased and became stable
near 40 mAh g−1 up to 50 cycles with the average coulombic efficiency of 88%.
These phenomena indicate that the Mg-ion battery may take initial few cycles to
get stabilized because of sluggish Mg2+-diffusion through formed SEI. Moreover, at
a higher current rate, MgFe2O4 may start to decompose, and thus, with increasing
C-rate, specific capacity decreased to 11.10 mAh g−1 at 2C.
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Methanol Electrooxidation Activity
of Pt/C Catalyst Promoted
by Ce-Gd-Zr-O Solid Solution

Shuchi Sharma , Malaya K. Sahoo , and G. Ranga Rao

1 Introduction

In a direct methanol fuel cell (DMFC), the chemical energy stored in liquid methanol
is converted into electrical energy for a wide range of applications [1–4].Methanol as
fuel at the anode is better than its competitor H2 as fuel in easy handling, convenient
storage and distribution, and an easy method of production and purification [5]. The
basic processes involved in a fuel cell are electrooxidation reactions at the anode and
electro-reduction reactions at the cathode, which require electrocatalysts to speed up
the reactions. However, there are chemical barriers to the commercial application of
such cells which include methanol crossover and sluggish kinetic rates of methanol
oxidation reaction (MOR) [6]. Platinum, which has been extensively explored as
a MOR catalyst works with the initial adsorption of the methanol on its surface,
followed by the addition of oxygen species leading to carbon dioxide formation as
the final product. However, intermediate species like COads are believed to poison the
surface of Pt, which ultimately decreases the efficiency of the process by blocking
the active sites of Pt [5, 7]. Bi-functional systems such as Pt-M, where M is another
metal, metal oxides, metal sulfides, or metal carbides, can be used to overcome such
problems. Metal oxides or carbides act as additional support systems, which help
in scavenging the poisoning species COads by adsorbing the oxyphilic species (-
OHads). Support materials should have high surface area for dispersing stable metal
nanoparticles, providing good conductivity, and retaining structural stability under
electrochemical operations [8–11].

Further improvement in electrocatalytic performance can be encouraged by
controlling the morphology of noble metal nanostructures and employing newer
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catalyst support materials. Over decades, carbon materials such as Vulcan carbon,
carbon nanotubes, and reduced graphene oxide have been widely used as catalyst
supports for Pt-based nano-materials in DMFCs [11–13]. The metal oxides/sulfides
employed for the electrooxidation of methanol include MnO2, CeO2, Cu2O, V2O5,

TiO2, MoO3, MoS2, SnO2, and Nb2O5 [11, 12, 14–19].
In the presentwork, the preliminary results on the effect of composition-controlled

solid solutions, Ce0.8Gd0.1Zr0.1O2-x (CGZO-08) and Ce0.3Gd0.5Zr0.2O2-x (CGZO-
03), on methanol electrooxidation is reported. The methanol oxidation activity was
measured in terms of onset potential, peak anodic current, electrochemical surface
area, stability, and anitipoisoning activity. The experiments revealed that Pt-CGZO-
03/C electrode is better than the Pt-CGZO-08/C electrode for methanol oxidation.
Even a small amount of gadolinium doping in ceria lattice is expected to create
intrinsic defects which can potentially increase the conductivity and electrocatalytic
activity of the oxide matrix [20–22]. This concept is examined in this work.

2 Materials and Methods

2.1 Materials

Analytical grade cerium nitrate hexahydrate (Ce(NO3)3·6H2O (99.9%, SD Fine,
India)), gadoliniumnitrate hexahydrate (Gd(NO3)3.6H2O, 99.9%,AlfaAesar), zirco-
nium oxychloride hexahydrate (ZrOCl2.6H2O, 99%, Loba Chemie), cetyltrimethy-
lammonium bromide (CTAB, (C16H33)N(C5H3)3Br, 99.9%, Sigma-Aldrich), urea
(CO(NH2)2, 99%, Thomas-Baker), Vulcan XC-72R carbon (Cabot Corporation,
USA), HCl (Rankem, India), Na2CO3, ethylene glycol (EG), isopropyl alcohol (SD
Fine chemicals, India), chloroplatinic acid hexahydrate (H2PtCl6·6H2O, Aldrich,
ACS reagent) with ≥37.50% Pt, Nafion solution (5 wt % solution in a mixture
of lower aliphatic alcohols, Sigma-Aldrich) were used as received. Milli-Q water
obtained from the Millipore Water Purification system was used in all the experi-
mental procedures.

2.2 Preparation of CGZO-08 and CGZO-03/C Catalyst

The catalyst was synthesizedwith themethod reported earlier [19]. Typically, various
molar ratios of Ce(NO3)3.6H2O,Gd(NO3)3.6H2O, andZrOCl2.6H2Owere dissolved
in 100 mL of water. To the above solution, 10 mmol of CTAB was added as a
structure-directing agent by stirring for 1 h. Then 80 mmol of urea was added as the
precipitating agent and the solutionwas stirred for 3 h to get a homogeneous solution.
The above solution was then subjected to hydrothermal treatment at 120 °C for 24 h
in an electric oven. After cooling the autoclave to room temperature, the obtained
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precipitates were centrifuged, repeatedly washed with water, a mixture of water, and
ethanol. The dried precipitates were calcined in air at 500 °C for 3 h with a heating
ramp of 5 °C min−1 to obtain the final products Ce0.8Gd0.1Zr0.1O2-x (CGZO-08) and
Ce0.3Gd0.5Zr0.2O2-x (CGZO-03).

2.3 Preparation of Pt Loaded CGZO-08/C and CGZO-03 /C
Electrocatalysts

The microwave-assisted polyol method is used to prepare Pt-CGZO-08/C and Pt-
CGZO-03/C electrocatalysts as reported earlier [12]. The CGZO-08 and CGZO-03
content in different electrocatalysts was fixed at 13 wt %. In brief, 20 mg of CGZO-
08 and CGZO-03 and 100 mg of Vulcan XC-72 carbon black (Cabot Corporation,
BET surface area of ∼250 m2 g−1) in 100 mL of ethylene glycol (EG)/ isopropyl
alcohol (IPA) mixture (V/V = 4:1, AR grade) was sonicated for 30 min followed
by addition of 1.538 mL portion of 0.1 M H2PtCl6-EG solution. The mixture was
then sonicated for 15 min, followed by constant stirring for 6 h. Then 1 M KOH-EG
solution was used to adjust the pH of the stirring mixture ink to ∼10. The mixture
ink was further kept under microwave radiation for 50 s in a domestic microwave
oven (Sharp NN-S327 WF, 2450 MHz, and 1100 W) to reduce H2PtCl6 to Pt. After
cooling the solution to room temperature, the pH of the ink mixture was adjusted
to ∼4 by dropwise addition of 0.1 M HNO3 solution. The ink mixture was further
stirred for 12 h, which was then centrifuged, washed with Millipore water, followed
by acetone (AR grade) until it became free of the Cl− ion. The product was then dried
overnight under vacuum at 60 °C. The platinum content in all the electrocatalysts
was kept at 20 wt%.

2.4 Preparation of Working Electrode and Electrochemical
Measurements

The electrocatalyst inks were prepared by ultrasonicating the mixtures of 5 mg Pt-
CGZO-08/C, and Pt-CGZO-03/C composite powders each in 600 μL of distilled
water, 300 μL IPA and 100 μL of Nafion solution for 2 h. A certain amount of cata-
lyst ink was then spread on a 5 mm diameter glassy carbon electrode (electrode area
of 0.196 cm2 and polished with 0.05 μm γ-alumina micropolish, CH Instruments
Inc) using the micropipette tip. The solvent on the ink was then evaporated at room
temperature for 12 h which resulted in the well-dispersed layer of composite cata-
lyst. CHI 7081C electrochemical workstation with a conventional three-electrode
configuration was used for all the electrochemical measurements. A platinum foil
(area = 1 × 1 cm2) and Ag/AgCl electrode (BAS Instruments, USA) were used as
the counter and reference electrodes, respectively. Before testing the electrochemical
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activity, the solution of 0.5 M H2SO4 and 1 M CH3OH was purged with high purity
N2 for 30 min. All the electrochemical responses were recorded at a scan rate of
30 mV s−1. A freshly prepared electrolyte was used for every repeat experiment.

2.5 Physicochemical Characterizations

All the prepared samples were first physically characterized by X-ray diffraction
(XRD; Bruker D8 Advance X-ray diffractometer) using Cu Kα radiation (λ =
0.15408 nm) generated at 40 kV, 40 mA, and powder X-ray diffraction (PXRD)
patterns were recorded at the scan rate of 0.01°s−1. The automatic Micromeritics
ASAP 2020 surface area analyzer using the Brunauer − Emmett − Teller (BET)
gas adsorption method was used to carry out the multipoint nitrogen adsorption −
desorption experiments at 77 K. Before physisorption measurements, the samples
were degassed first at 100 °C for 2 h and then at 150 °C for 10 h in a dynamic
vacuum. BET equation based on the software of the instrument was employed to
calculate the specific surface area (SBET) values. Barrett-Joyner-Halenda’s (BJH)
method and a cylindrical pore model were used to evaluate the porosity distributions
in the samples.

3 Results and Discussion

The XRD patterns of CGZO-08 and CGZO-03 samples in Fig. 1a show charac-
teristics peaks of orthorhombic Ce2O(CO3)2·H2O phase and tetragonal phase of
Gd2O2CO3 transformed completely to their respective more stable cubic phases of
oxides. The CZGO-08 catalyst shows prominent peaks at 28.6, 33.1, 47.5, 56.3,

Fig. 1 XRDpatterns of (a) CGZO-03 andCGZO-08, (b) Pt/C, Pt-CGZO-03/C, and Pt-CGZO-08/C
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and 59.1° corresponding to, respectively, the (111), (200), (220), (311), and (222)
planes. These sharp and intense XRD peaks are similar to the crystalline cubic phase
of CeO2 (PDF 81–0792). The following reactions occur during the nucleation of
Ce2(CO3)2·H2O under homogeneous precipitation conditions [23].

NH2CONH2 → NH+
4 + NCO−

NCO− + 3H2O → HCO−
3 + NH+

4 + OH−

HCO−
3 → CO2−

3 + H +

2Ce3+ + 2OH− + 2CO2−
3 → Ce2O(CO3)2.H2O

Ce2O(CO3)2.H2O → Ce2O(CO3)2 + H2O

2Ce2O(CO3)2 + O2
�−→ 4CeO2 + 4CO2

The CZGO-03 sample shows peaks at 29, 32.5, and 47° corresponding to (222),
(400), and (440) planes, respectively. These peaks are very broad indicating the amor-
phous nature of the cubic Gd2O3 phase (PDF 65–3181) [24]. The following reactions
occur during the nucleation of Gd2O2CO3·H2O under homogeneous precipitation
conditions [24].

NH2CONH2 → NH+
4 + NCO−

NCO− + 3H2O → HCO−
3 + NH+

4 + OH−

HCO−
3 → CO2−

3 + H+

2Gd3+ + 2OH− + 2CO2−
3 → Gd2O2CO3

Gd2O2CO3
�−→ Gd2O3 + CO2

Figure 1b shows the PXRD of Pt-CGZO-03/C, Pt-CGZO-08/C, and Pt/C elec-
trocatalysts. All the electrocatalysts show a broad peak at 2θ value of 24.9° corre-
sponding to the (002) plane of the carbon support in the catalysts while the peaks
at 39.8, 46.3, and 67.6° in all the electrocatalysts confirm the presence of metallic
Pt crystallites in the sample (PDF 87–0646). The Pt peaks in Pt-CGZO-03/C and
Pt-CGZO-08/C samples are broad as compared to those in Pt/C samples indicating
well-dispersed Pt crystallites on promoted samples [11].

The SEM images in Fig. 2 clearly show the influence of the molar ratio of
metal precursors on the morphologies of the samples. The sample CGZO-08 shows
dumbbell-shaped (Fig. 2a–c) particles and CGZO-03 sample shows needle-shaped
morphology (Fig. 2d–f). The molar ratios of the metal precursors clearly influence
the final morphologies of the oxide materials. The variation in molar ratios of precur-
sors can affect the nucleation and growth rates of the particles under hydrothermal
conditions leading to different morphologies. From the SEM images, it is seen
that sharp needles of CGZO-03 have high surface porosity than that of massive
dumbbell-shaped CGZO-08 which is further confirmed by BET analysis.

As shown in Fig. 3a both the catalyst samples show type IV isotherms and
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Fig. 2 SEM images of a–c CGZO-08, and d–f CGZO-03

Fig. 3 (a) BET isotherms, (b) BJH pore size distribution curves of CGZO-03 and CGZO-08
samples
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H4 hysteresis loops, reflecting the narrow slit-type mesopores in the samples. The
BET surface area of the dumbbell-shaped CGZO-08 sample is 54 m2 g−1 which is
increased to 67 m2 g−1 when gadolinium content is increased (CGZO-03). Figure 3b
shows the pore diameter analysis of both CGZO-08 and CGZO-03. The estimated
pore diameter of both CGZO-08 andCGZO-03 is nearly 3.8 nm, indicating themeso-
porous nature of both the catalysts, which is beneficial for electrochemical energy
conversion and storage applications.

Figure 4a and b show the electrocatalytic activity of Pt/C, Pt-CGZO-03/C, and
Pt/CGZO-08/C electrodes evaluated by cyclic voltammetry (CV) technique in 0.5 M
H2SO4 solution. The anodic current is presented in terms of both mA cm−2 and mA
mgPt−1. The forward anodic sweep shows peaks due to hydrogen desorption and
Pt oxide formation while the reverse cathodic sweep shows peaks due to hydrogen
adsorption and Pt oxide reduction at appropriate voltage regions [11, 14]. Under
potential deposition of hydrogen process (H+ + e− = Hupd) appears in the region
between -0.2 to 0.2 V (vs Ag/AgCl). Peaks of OHad (adsorbed hydroxyl species;
2H2O=OHad +H3O+ + e−) on the Pt surface are observed after 0.4 V in the anodic
scan, due to which the ordered layers of PtOx·nH2O/Pt(OH)y·nH2O (x= 1, 2; y= 2,

Fig. 4 Comparative cyclic voltammograms of Pt/C, Pt-CGZO-08/C, and Pt-CGZO-03 electrodes
recorded using 0.5 M H2SO4 (a and b), and 0.5 M H2SO4 + 1 M CH3OH (c and d) at 30 mV s−1

scan rate
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4) are formed. In the cathodic scan, the reduction peak of PtOx·nH2O/Pt(OH)y·nH2O
species appears between 0.8 and 0.2 V as shown in Fig. 4a, b. All the electrocata-
lysts show broad hydrogen adsorption/desorption peaks. Further hydrogen adsorp-
tion/desorption on Pt is very structure sensitive. The desorption peak at -0.1 V in
the anodic scan results from adsorption of hydrogen on (110) plane of Pt [11]. The
Pt-CGZO-03/C shows intense hydrogen adsorption–desorption peaks as compared
to Pt-CGZO-08/C and Pt/C. The electrochemical active surface areas (EAS) of all
the electrode materials are calculated from cyclic voltametric analysis by using the
following expression [25],

EAS
(
m2g−1

) = QH

0.21 × MPt

where 0.21 mC cm−2 is the electrical charge associated with monolayer adsorption
of hydrogen/charge required to oxidize a monolayer of H on a polycrystalline Pt
electrode (assuming the surface density of 1.3 × 1015 atoms cm−2) and MPt is the
Pt loading on the working electrodes (5 μg cm−2). The EASs of Pt nanocrystals in
Pt-CGZO-08/C and Pt-CGZO-03/C electrodes are estimated to be 55 m2 g−1 and
283m2 g−1, respectively. This clearly shows that irrespective of similar Pt loading on
each sample, the EAS for the CGZO-03-promoted Pt/C electrode is higher than the
Pt-CGZO-08/C electrode. The CVmeasurements in 0.5 M H2SO4 show higher peak
current density and the higher integrated area under the Hupd peak for Pt-CGZO-03/C
electrode compared to Pt-CGZO-08/C electrode (Fig. 4a and b).

Catalysts with higher EAS are expected to show better electrocatalytic activity
[27]. Since EAS value of Pt-CGZO-03/C is more than that of Pt-CGZO-08/C, we
expect Pt-CGZO-03/C electrode to show improved electrochemical performance in
terms of methanol oxidation to CO2. Methanol electrooxidation activities of both
the electrocatalysts are evaluated by cyclic voltammetry (CV), linear sweep voltam-
metry (LSV), chronopotentiometry (CP), and chronoamperometry (CA) using 0.5M
H2SO4 + 1.0 M CH3OH solution. The CV curves of Pt-CGZO-08/C and Pt-CGZO-
03/C electrodes in methanol solution show two well-defined oxidation current peaks
(Fig. 4c and d). During the forward scan, the oxidation peak represents the oxida-
tion of freshly chemisorbed methanol molecules approaching the electrode surface
from the bulk of the solution. The oxidation peak in the reverse scan is attributed to
the removal of adsorbed CO and other residual carbonaceous species formed on the
electrode during the forward sweep. It is seen that the methanol oxidation activity
of the Pt-CGZO-03/C electrode is much higher compared to the activity of the other
samples. The current density of the Pt-CGZO-03/C electrode (14 mA cm−2, 267 mA
mgPt−1) is higher as compared to that of the Pt-CGZO-08/C electrode (9 mA cm−2,
167 mA mgPt−1).

During the methanol electrooxidation, carbonaceous species are formed and
adsorbed on the Pt surface which can further prohibit the methanol adsorption and
conversion. This results in a positive shift in the onset potential. The LSV taken
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at 10 mV s−1 scan rate shows that Pt-CGZO-08/C electrode has an onset poten-
tial of 0.49 V which is decreased to 0.44 V with an increase in gadolinium content
(Pt-CGZO-03/C) as shown in the inset of Fig. 5.

Hence increasing gadolinium content resulted in the negative shift of the onset
potential which is indicating the inhibition of the formation of carbonaceous species
on the electrocatalyst. The conclusiondrawnhere is that Pt-CGZO-03/Celectrode can
easily oxidize methanol to CO2 which is corroborated by increased electrocatalytic
activity by ∼2 times and decreased onset potential by 0.04 V with respect to Pt/C.

Chronopotentiometric (CP) measurements provide complementary information
on the stability of electrocatalysts and antipoisoning capability for electrochemical
oxidation of methanol. Figure 6a shows the change in electrode potential with time
at a fixed bias current density of 5 mA cm−2.

The Pt/C, Pt-CGZO-08/C, and Pt-CGZO-03 /C composite electrodes show a slow
increase in electrode potentials with polarization time. A sharp rise in the potential
value is noticed after some time. This sharp increase in polarization voltage is due
to the poisoning effect associated with oxygen evolution or water electrolysis rather
than the electrochemical oxidation ofmethanol. The Pt-CGZO-03/C electrode shows
high catalytic activity and can withstand poisoning for a longer time. Oscillations
observed in Pt-CGZO-08/C and Pt-CGZO-03/C composite electrodes are due to the
formation of intermediate carbonaceous species which get adsorbed on the defect
sites present at the Pt/oxide interfaces. The oscillations are more prominent in the
case of Pt-Ce0.3Gd0.5Zr0.2O2-x /C interface which again indicates more defect sites
present in the Pt-CGZO-03 /C sample.

The stability and electrochemical activity of Pt/C, Pt-CGZO-08/C, and Pt-
CGZO-03/Cnanocomposite electrodes are investigated by chronoamperometry (CA)
measurements. The typical chronoamperometry profiles of Pt-CGZO-08/C and Pt-
CGZO-03/C composite electrodes are depicted in Fig. 6b. The CA profile of the

Fig. 5 Comparative LSV of
Pt/C, Pt-CGZO-08/C, and
Pt-CGZO-03/C sample
electrodes recorded in 0.5 M
H2SO4 + 1 M CH3OH at
10 mV s−1 scan rate
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Fig. 6 (a) Choronopotentiometric studies of Pt/C, Pt-CGZO-08/C and Pt-CGZO-03/C at
5mAcm−2, (b)Chronoamperometric profiles of Pt/C, Pt-CGZO-08/C and Pt-CGZO-03/C recorded
in 0.5 M H2SO4 + 1 M CH3OH at − 0.2 V (vs Ag/AgCl) applied potential

Pt-CGZO-03/C electrode shows the highest current and lowest current decay with
polarization time during the methanol oxidation, which is consistent with the cyclic
voltammetry results in Fig. 6b. These results indicate that the Pt-CGZO-03/C elec-
trode is much more efficient and tolerant to CO poisoning than other electrodes in
the acidic medium. The present results are compared with recently reported electro-
catalysts, which are presented in Table 1. These studies clearly show the profound
effect of oxide promoters and the interfacial defects on the electrocatalytic activity
of Pt/promoter oxide/C towards methanol oxidation [11, 22, 30].

4 Conclusions

The Pt-CGZO-03/C electrode shows much higher electrocatalytic activity and
lower onset potential compared to both Pt-CGZO-08/C and Pt/C electrodes. The
higher electrocatalytic activity, anti-poisoning activity, and stability of Pt-CGZO-
03/C are attributed to the interfacial defects between Pt and Ce0.3Gd0.5Zr0.2O2-x

which promote the oxidation of poisonous species and maintain the activity. Higher
gadolinium content is responsible for the defect formation and about 1.6- and 2-
times higher activity of Pt-Ce0.3Gd0.5Zr0.2O2-x/C electrocatalyst compared to Pt-
Ce0.8Gd0.1Zr0.1O2-x/C and Pt/C catalysts respectively. This study highlights the
importance of defect chemistry in electrocatalytic activity.
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Table 1 Comparison of the onset potential and peak current density of the electrocatalysts

Catalyst Electrolyte Scan
rate
(mV
s−1)

Onset
Potential
(V)

Peak current density Refs

Pt/a- ZrC800- XC 0.5 M
H2SO4 +
1 M
CH3OH

20 0.33
versus
Ag/AgCl

21.7 mA cm−2 606.9 mA
mgPt−1

[9]

Pt/MnO2 /C 0.5 M
H2SO4 +
1 M
CH3OH

20 – 15.7 mA cm−2 [12]

Pt/CeO2-HP/C 0.5 M
H2SO4 +
1 M
CH3OH

20 – 14.6 mA cm−2 [15]

Pt–V2O5/C 1 M KOH
+ 1 M
CH3OH

50 −0.42
versus
Hg/HgO

200 mA cm−2 [16]

MoO3 promoted Pt/C 0.5 M
H2SO4 +
1 M
CH3OH

20 – 1093 mA mgPt−1 [17]

Pt–Nb2O5 /C 0.5 M
H2SO4 +
1 M
CH3OH

20 – 183 mA cm−2 [19]

NiCo2O4-rGO, 1 M KOH
+ 0.5 M
CH3OH

50 0.3 versus
SCE

16.6 mA cm−2 [25]

Pt–V2O5/rGO 0.5 M
H2SO4 +
1 M
CH3OH

20 – 26 mA cm−2

928 mA mgPt−1
[26]

Pt/Nb-Mo2C-rGO 0.5 M
H2SO4 +
1 M
CH3OH

20 0.29
versus
Ag/AgCl

23.3 mA cm−2 836.4 mA
mgPt−1

[28]

CeO2-ZrO2 on Pt/C 0.5 M
H2SO4 +
1 M
CH3OH

50 – 52.17 mA mgPt−1 [29]

Pt-Ce0.3Gd0.5Zr0.2O2-x/C 0.5 M
H2SO4 +
1 M
CH3OH

30 0.44
versus
Ag/AgCl

14 mA cm−2

266 mA mgPt−1
This
work
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La-and Gd-Doped CeO2 Nanoparticles
as Electrolyte Materials for Intermediate
Temperature Solid Oxide Fuel Cells

Naeemakhtar Momin , J. Manjanna , S. Senthilkumar ,
and S. T. Aruna

1 Introduction

The solid oxide fuel cell (SOFC) is a competent contender for producing efficient,
stable, low emission, and cost-effective electricity from direct oxidation of fuel with
other electrochemical devices [1]. High operating temperature to achieve optimum
total ionic conductivity in the order of 0.1 Scm−1 can bring structural and chemical
instability in the commonly used yttria-stabilized zirconia (YSZ) electrolyte mate-
rial to deter its mass commercialization [2]. Therefore, researchers have given much
emphasis to achieve the desired optimum ionic conductivity at intermediate temper-
ature (IT) by shifting from expensive materials to cost-effective electrolyte mate-
rials. The materials with modified space charge domain using nanotechnology can
yield the desired output [3]. The different semiconductor oxides like yttria-stabilized
zirconia (YSZ), Er-doped Bi2O3, Mg-doped LaGaO3 (LSGM), alkaline, and rare-
earth-doped ceria have been investigated as electrolytes for solid oxide fuel cells
(SOFCs). Among them, the rare-earth-doped ceria emerges as a potential candidate
for SOFC electrolyte because of its capacity to deliver high ionic conductivity at
intermediate temperature with lower activation energy. The rare earth metal ions like
Gd and Sm having slightly higher or same atomic radii than host ion can generate
the excessive oxygen vacancies in sub-lattice. Since charge compensating defects
with less distortion at the surface of the lattice provides stable phase and high ionic
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conductivity compared to pure ceria over other rare earth oxides at the intermediate
temperature range [4].

The theoretical calculation performed by Butler et al. [5] suggests that the higher
aliovalent cation substitution reduces the concentration of free oxygen vacancies as
they bind to cation defects resulting in defect association. The predicted ionic model
for rare-earth-doped cerium oxides shows a decrease in enthalpy of defects with a
high ionic radius (r) of the dopant within the limit of ri = 0.120 nm. Therefore,
the studies on the substitution of Ce (ri = 0.111 nm) by larger cations like La (r i =
0.130 nm) are limited [6]. However, Gd- and Sm-doped ceria are regarded as potential
oxide ion conductors giving better performance at an intermediate temperature range
and hence extensively used in SOFC applications as electrolyte materials. But the
cost for 10–20mol% of dopant amount is much expensive and is a matter of concern.
Therefore, for commercial viability, the use of low-cost dopants like La-doped ceria
is selected in the present study [7].

In this study, the 10 mol % of La-doped ceria composition (Ce0.9 La0.1O2−δ)
was synthesized by facile cost-effective citrate–nitrate auto-combustion method and
designated as LDC10. The auto-combustion process is known to yield homogeneous,
high-purity nanocrystalline ceramic oxides with a larger surface area in its most
convenient and economical way [8]. The electrochemical impedance spectroscopy
(EIS) was used to study the sample’s electrical properties between 623 and 1023 K.
The obtained results of LDC10 are compared with commercially obtained 10 mol %
of Gd-doped ceria (Ce0.9Gd0.1O2−δ), which is regarded as the utmost potential elec-
trolyte material for SOFC applications and designated as GDC10 [9]. The structural
and electrical properties of LDC10 are compared with GDC10.

2 Experimental

2.1 Synthesis and Sample Preparation

The Ce0.9La0.1O2−δ (LDC10) composition was synthesized by citrate–nitrate-based
auto-combustionmethod. Stoichiometric amounts of precursor saltsCe(NO3)3.6H2O
(A.R grade, HIMEDIA, Mumbai) and La(NO3)3.6H2O (A.R grade, LOBA Chemie,
Mumbai) were dissolved at an equimolar ratio and stirred thoroughly for 1 h at room
temperature. To this mixture, AR-grade citric acid (C6H8O7.H2O, SDFCL Limited,
Mumbai) was added as the fuel to metal nitrates in the molar ratio of 1:1 and heated
to 333 K. The obtained gel was further heated to 373 K, which initiated the vigorous
self-propagating combustion reaction. The amorphous powder was further annealed
at 973 K for 6 h to get nanocrystalline ultrafine particles [10 − 12]. The Ce0.9
Gd0.1O2−δ (GDC10) was procured from Fuel Cell Materials, the USA. For making
the pellets, the LDC10 and GDC10 powders were uniaxially pressed to 5 MPa with
6 wt % of polyvinyl alcohol (as the binder) and sintered at 1473 K in air for 4 h with
programmed, controlled heating.
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2.2 Characterization

The Rigaku MiniFlex 600 powder X-ray diffractometer with Cu Ka radiation (λ =
0.154 nm) was used to record the XRD patterns of the powder and sintered pellets.
The relative density of the pellet was calculated from the equation:

Relativedensity =
(
dm
dth

)
× 100 (1)

where dm is the density of samples measured by the Archimedes method and dth is
the theoretical density given by

dth = 4

NAV

[
(1− x)MCe + xMLa +

(
2− 1

2
x

)
MO

]
(2)

X is the dopant ion content, V is the lattice volume of LDC10/GDC10, NA is the
Avogadro number, and MCe/MLa/MO is the corresponding elements’ atomic weight
[13]. For AC impedance measurement, the silver paste was applied on both sides of
the pellet and baked at 873 K for 1 h to make electrical connections. An electrochem-
ical system (CH Instrument, Inc CHI604D, USA) was used to record the Nyquist
plots between the temperature ranges 623 and 1023 K in the frequency range of
1–10 MHz with an AC signal of 10 mA. The obtained data were fitted to the corre-
sponding equivalent circuits [R(QR)(QR)] using the ZSimpWin software. The total
conductivity (σ ) was calculated using the equation:

σ = t /RA (3)

where thickness (t), area of cross section (A), and total resistance (R) are involved
[14].

3 Results and Discussion

Figure 1 shows the XRD patterns of CeO2, GDC10, and LDC10 nanocrystalline
pellets sintered at 1473 K. It has been observed that all XRD patterns exhibit the
same cubic–fluorite structure. The diffraction peaks were indexed as per standard
fluorite structure with space group Fm3m, and they match well with ICDD card no
34–0394. Diffraction peaks corresponding to La2O3 or other impurities were not
observed in the XRD pattern, indicating single-phase solid solution formation. The
XRD analysis of the pellets sintered at 1473 K showed a typical lattice structure
aligned with the reported lattice parameter of 5.411 Å for pure CeO2, as indicated in
the JCPDS card [15] and computed from Eqs. 4 and 5:
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Fig. 1 XRD patterns of CeO2, GDC10, and LDC10 pellets sintered at 1473 K

a =
√
h2 + k2 + l2 (4)

d = λ

2Sinθ
(5)

where d be the inter planar spacing and θ is the angle of diffraction.
The sharp peaks in the XRD patterns of pellets indicate higher crystallite size due

to high-temperature sintering [16]. The replacement of smaller ionic radii of Ce (ri
= 0.97 Å) by a larger ionic radii Gd (ri = 1.05 Å) and La (ri = 1.15 Å) creates the
incongruity between the ions generating the oxygen vacancies in the CeO2 lattice.
The oxygen vacancies cause the lattice strain to retain the charge equilibrium state,
resulting in expanding the unit cell [17]. The crystallite sizes were computed from
the preferential plane width (111) using Scherrer’s formula [18],

D = 0.9

βCosθ
(6)

where λ is the wavelength of the X-ray (1.5406 Å), β is the full-width at half maxima
(FWHM) in radian, and θ is the diffraction angle. The obtained crystallite sizes for
the GDC10 and LDC10 pellets were 75.8 nm and 51.94 nm, respectively, as obtained
from Rietveld refinement analysis. A higher relative density value of more than 90%
was achieved for GDC10 and LDC10 pellets. The strain generated at lattice during
the doping may get localized at a sub-grain and sub-domain level near the grain
boundaries, attributed to the decrease in crystallite size in doped samples [19]. The
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number of defects in the crystal estimated from dislocation density (δ), which is the
length of dislocation per unit volume, was calculated from Eq. 7

δ = 1

D2
(7)

where D is the average crystallite size.
The dislocation density which is a function of dopant concentration reveals the

generation of a promising quality compound. Its lower values are attributed to
the good crystalline nature of the sample [20]. The theoretical surface areas were
calculated by using Eq. 8

S = 6

DXρ
(8)

where D is the average crystallite size and ρ is the X-ray density.
The obtained values of dislocation density and specific surface area for GDC10

and LDC10 samples are shown in Table 1.
From the obtained data, it has been observed that the density of the sample appre-

ciably varies with the specific surface area. The increase in specific surface area
with dopant content may be attributed to decrease in the crystallite size [17]. The
Rietveld refinement for GDC10 and LDC10 samples was carried out using Profex
4.0.3 software. The obtained parameters from Rietveld refinement are enlisted in
Table 2. The refinement results confirm negligible difference between the calculated
and observed XRD lattice parameters.

Figure 2a, b shows the complex impedance spectra ofGDC10 andLDC10 samples
in the temperature range between 623 and 1023 K as a function of frequency.

Table 1 Structural characteristic of sintered LDC10 and GDC10 samples

Samples Average
crystallite size
(D) (nm)
Scherrer

Lattice constant
(a = b = c) (nm)

Dislocation
density (δ)
(line/m2 ×
10−15)

Specific
surface area
(m2/g)

Relative
density (%)

LDC10 51.94 0.5442 0.371 16.290 92.50

GDC10 75.8 0.5418 0.174 11.016 93.00

Table 2 Rietveld refinement parameters of LDC10 and GDC10

Samples Lattice parameters a = b = c and α =
β = γ = 90º

Rietveld refinement
parameters

Grain Size in
nm

a (Ǻ) Volume (Ǻ)3 RP Rwp χ2 GoF

LDC10 5.44253 ± 0.000010 161.213918 14.23 14.56 1.04 1.02 51.94

GDC10 5.41873 ± 0.0000093 159.108171 6.65 12.06 3.29 1.81 75.8
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Fig. 2 Nyquist plots of LDC10 and GDC10 pellets sintered at 1473 K and measured in the
temperature range of 623 K − 1023 K. (inset shows the Nyquist plots at 623–723 K)

From impedance spectra, it has been observed that the resistance decreases with
rise in temperature, and the semicircles corresponding to grain and grain boundary
contributionswere get overlapped and depressed. Generally, theAC impedance spec-
trum of a solid ionic conductor shows three different arcs. The arc at high frequencies
was attributed to grain (bulk) behavior, at intermediate frequencies to grain boundary
(GB) behavior, and belongs to electrode behavior at lower frequencies which is more
complex due to the appearance of multiple arcs. Because of different relaxation time
constants for individual polarizations of conductors at a constant temperature, all
arcs will not appear simultaneously. Hence, at a particular temperature, grain and
GB arcs at high frequencies tend to disappear and arc corresponding to the total elec-
trode contribution will only be observed. The grain, GB, and electrode contributions
were distinguished by using an equivalent electrical circuit model [R(QR)(QR)],
which is shown in Fig. 2. This equivalent circuit consists of a grain resistance (Rg)
and two RC circuits in series for GB (Rgb) and others for electrode polarization (Re).
A constant phase element (CPE= Q) is applied instead of a capacitor. This constant
phase element is equivalent to the distribution of the capacitor in parallel. Rg, Rgb Q
represents the ionic conductivity through grain and grain boundary [21]. The total
resistance of the electrolyte was calculated by using equation

Rt = Rg + Rgb (9)

where Rg and Rgb be the grain and GB resistance, respectively.
The grain, grain boundary (GB), and total conductivities were obtained using

Eq. 3. The capacitance values were computed using the equation ωRC= 1, where ω

is the angular frequency (2π f , f is the frequency in Hz) and R is the arc magnitude.
Grains have a capacitance of pF, whereas GB has a capacitance of nF [22]. For all the
GDC10 and LDC10 samples, the capacitance values were found to be in the range
of 10–12–10−18 F, which indicates the conduction process through grain and grain
boundary. The Arrhenius Eq. (10) is used to show the influence of temperature on
conductivity,
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σT = A0 exp

(−Ea

kT

)
(10)

where Ao, T, Ea, and K are the conductivity, pre-exponential constant, temperature,
activation energy, andBoltzmann constant. Figure 3a, b shows theArrhenius plots for
grain, GB, and total conductivity for the GDC10 and LDC10 samples. The activation
energy values of GDC10 and LDC10 obtained for grain, GB, and total conductivity
were shown in Table 3. The GDC10 and LDC10 samples exhibit the highest total
ionic conductivities of 1.96 × 10−2 Scm 1 and 1.01 × 10−2 Scm 1 at 1023 K with
lower activation energy values of 0.85 and 0.70 eV, respectively. The optimum grain
ionic conductivity in the order of 1.10 × 10−1 Scm 1 required for the operation of
IT-SOFC was not achieved at 973 K for the GDC10 sample.

In contrast, the LDC10 sample did not yield optimum ionic conductivity at the
intermediate temperature [773−1023 K] range. The obtained result confirms the
better influence of dopant content on the grain ionic conductivity than those on GB
and total ionic conductivity. The LDC10 sample shows lower values of activation
energies compared to GDC10 sample. The lower activation energy of LDC10 may
be attributed to close ionic radii of La and Ce elements and low binding energy
[23]. The higher grain activation energy value of GDC10 than reported value may
be due to SiO2 content as impurities. Hence, the GB effect influences the total ionic
conductivity in GDC10 [24]. The conductivity values of LDC10 are lower than that
of GDC10 but reasonably competent in all ranges of temperatures. Dikmen et al. [6]

Fig. 3 Arrhenius plots for total, grain boundary, and grain conductivity for aGDC10 and b LDC10
in the temperature range 623 K–1023 K, respectively

Table 3 Activation energy of
GDC10 and LDC10 samples
between the temperature
range of 623 K and 1023 K in
eV

Sample Activation energy, Ea (eV)

Grain Grain boundary (GB) Total

GDC10 0.89 0.84 0.85

LDC10 0.63 0.83 0.70
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reported conductivity of 5.9× 10−3 Scm−1 with an activation energy of 0.74 eV for
LDC10 sample at 873 K prepared from the hydrothermal method. In contrast, the
obtained conductivity of 3.79× 10−3 Scm−1with lower activation energy of 0.70 eV
at 873 K for LDC10 was in good agreement with the reported. Hence, it can be
concluded that the facile cost-effective auto-combustion synthesis method facilitates
the synthesis of LDC with enhanced ionic conductivity at lower activation energy.

The obtained results established that the low-cost La-doped ceria nanoparticles
can be the best competitor to Gd-doped ceria nanoparticles as an electrolyte for IT-
SOFC applications. The comparison of conductivities of GDC10 and LDC10 in the
temperature range of 623 1023 K is shown in Table 4.

Thus, the results suggest that the achievement of desired optimum total ionic
conductivity in the order of 0.1 Scm−1at the intermediate temperature range is still a
matter of great concern, along with issues like cost of ceria-based materials. There-
fore, the search for plausible electrolyte materials still finds a broad scope. Conse-
quently, itmaybe concluded that auto-combustion synthesizedLDC10 can be consid-
ered as a potential electrolyte material for SOFC application if desired optimum
ionic conductivity is achieved at an intermediate temperature range. Nevertheless,
an in-depth analysis of electrical measurements like the open-circuit voltage, ionic
transference number, etc., is necessary.

4 Conclusions

Nanocrystalline La-doped ceria powder having the composition (Ce 0.9La0.1O2−δ)
was successfully prepared by auto-combustionmethod. TheXRDanalysis confirmed
the formation of a solid solution. The AC impedance technique was used to measure
the grain, grain boundary, and total ionic conductivity ofGDC10 andLDC10 samples
between the temperature range of 623 to 1023 K. The ionic conductivity increases
with rise in temperature and activation energy decreases. The optimum grain ionic
conductivity in the order of 1.10× 10−1 Scm 1 was recorded for the GDC10 sample
at 973 K. The highest total ionic conductivity was found to be 1.96 × 10−2 Scm 1

and 1.01× 10−2 Scm 1 at 1023 K with a lower activation energy of 0.84 and 0.70 eV
for GDC10 and LDC10 samples, respectively. The obtained ionic conductivities for
the LDC10 are reasonably close with the GDC10. This work aims to approach the
search and development of commercially viable new advanced electrolyte materials
for IT-SOFCs.
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Ni–Fe Alloy Mesh as a Low Cost Oxygen
Evolution Catalyst

Thimmasandra Narayan Ramesh and Chikkappa Udagani

1 Introduction

Hydrogen gas is the simplest and efficient form of energy that could be generated
through photoelectrochemical reactions and photovoltaic electrolysis [1, 2]. Splitting
of water requires an applied potential of 1.23 V indicating it to be a thermodynam-
ically unfavorable process [3]. Commercial electrolyzers generally operate in the
voltage range of 1.8–2 V. The kinetics of the reaction contributes to an increased
overvoltage. To reduce the overpotential in the aqueous medium, water splitting is
carried out either in an acidic or alkaline medium. In order to minimize the over-
voltage and develop efficient catalysts, extensive research has been carried out [4–7].
Noble metals such as platinum, ruthenium oxide, and iridium oxide have been used
in the past decades [8–12]. As an alternative to noble metals, molybdenum sulfide,
ruthenium oxide, nickel molybdenum alloy, cobalt phosphates, metal oxides, and
metal hydroxides have been explored as low cost catalysts for oxygen evolution
reactions [13–18]. Nickel foam is used as a supporting material and as an elec-
trode for commercial electrolyzers due to its porous nature [19]. Recently, nickel
hydroxide and its modified forms have shown four times higher oxygen evolution
reaction than the bare nickel in alkaline electrolytes.As an alternative, earth-abundant
catalysts have been used in acidic/alkaline electrolyte [20, 21]. Ni–Fe layered double
hydroxide (LDH) has been formed upon the incorporation of iron into the structure
of nickel hydroxide in stoichiometric proportion. Ni–Fe layered double hydroxide
(LDH) exhibits oxygen evolution reaction (OER) at 1.7 V in an alkaline medium on
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nickel foam which is comparable to that of platinum-coated nickel foam [22]. Ni–Fe
LDHs (Ni/Fe= 0.75/0.25 and Ni/Fe-0.667/0.333) are poor conductors and hence in
search of alternatives, Ni–Fe alloy mesh which is being used in old computer moni-
tors containing cathode ray tubes has been selected in this study since the Ni:Fe ratio
in Ni–Fe alloy mesh is in the ratio of 0.715:0.285 falls in the range of x = 0.25–0.33
in Ni1-x-Fex LDH [23–26]. To date, Ni–Fe alloy mesh e-waste material has not been
explored for oxygen evolution catalyst. In this work, the proof of concept on the
utilization of low-cost Ni–Fe alloy mesh as a potential catalyst for the OER in an
alkaline medium has been demonstrated.

2 Experimental

Ni–Fe alloymeshwas collected fromold computermonitors having cathode ray tubes
(CRT). The sample has been characterized using Bruker D8 advanced X-ray powder
diffractometer (CuKα source λ = 1.5418 Å) (steps: 0.05; range: 10–60°, scan rate:
4° min−1). The vibrational spectrum of the sample was recorded using Bruker alpha
FTIR spectrometer (ATRmode) (4000–375 cm−1; 4 cm−1 resolution). Scanning elec-
tronmicroscopy (Carl Zeiss) was used to examine themorphology of the samples and
energy dispersive X-ray analysis (EDAX) was used for elemental composition deter-
mination. The thickness of Ni–Fe alloy mesh was measured using Yuzuki Dtg1201
digital thickness gauge and was found to be 0.16mm. Linear and scanning and cyclic
voltammetric studies were carried out on a potentiostat/galvanostat (Technoscience
Instruments, India) using two/three electrodes system in which Ni–Fe alloy mesh
was used as a working electrode and Pt-Ir wire was used as the counter electrode
(in two-electrode system). A saturated calomel electrode acting as the reference was
used in three-electrode system in 1 M NaOH electrolyte. Linear scanning voltam-
metric studies were measured by scanning at different rates (10, 20, 40, 80, 100, 125,
200, and 400 mV sec−1). Cyclic voltammetric studies have been carried out in 1 M
NaOH solution between −2 V to + 2 V at different scan rates (10, 20, 40, 80, 100,
125, 200 and 400 mV sec−1). All the measured potentials with respect to saturated
calomel electrode were changed to the reversible hydrogen electrode (RHE). The DC
resistivitywasmeasured using four-probemethod (DigitalMicro ohmmeter"Sigma”,
41/2 Digit).

3 Results and Discussion

The X-ray diffraction pattern of Ni–Fe alloy mesh is shown in Fig. 1a and very weak
peaks were observed at 2θ positions that match with the cubic phase of Ni1-xFey alloy
(x = 0.25 to 0.75; y = 0.75 to 0.25) having a lattice parameter a =3.637 Å [27].
Infrared (IR) spectrumwas recorded for Ni–Fe alloymesh and is given in Fig. 1b. The
IR spectrumof theNi–Fe alloymesh exhibits aweak peak at 425 cm−1 corresponding
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Fig. 1 a Powder X-ray
diffraction pattern, b infrared
spectrum, and c scanning
electron micrograph of as
received Ni–Fe alloy mesh
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to Ni–O and several peaks in the range of 700–400 cm−1 corresponding to Fe–
O vibrations without any OH stretching vibrations. Figure 1c shows the scanning
electron micrograph of Ni–Fe alloy mesh used for the OER reaction. It shows a
regular array of identical pores. The presence of these pores increases the surface
area thus enhancing the electrocatalytic activity similar to nickel mesh. Figure 2a
shows the EDX spectra and data of Ni–Fe alloy mesh before OER. From the EDAX,
the composition of Ni:Fe was found to be in the range of from 0.70:0.30 to 0.72:0.28
which is matching well with the composition of reported Ni–Fe LDH [28–31]. One
of the advantages of using Ni–Fe alloy mesh is its lower resistivity compared to
Ni–Fe based layered double hydroxide. The DC resistivity of Ni–Fe alloy mesh with
an area of 0.78 cm2 was found to be 6.84 × 10–8 Sm−1.

Figure 3a–d shows the results of linear sweep voltammetry (LSV) and cyclic
voltammetric (CV) studies of Ni–Fe alloy mesh using two-electrode and three-
electrode systems in 1 M NaOH. 1 M NaOH has been used in the measurements to

Fig. 2 EDAX spectra of Ni–Fe alloy mesh a before and b after OER
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Fig. 3 Linear sweep voltammograms at different scan rates: a two-electrode system [Ni–Fe alloy
mesh (WE) andPt-Ir alloy (CE)],b three-electrode system [Ni–Fe alloymesh (WE), Pt-Ir alloy (CE),
and RHE as reference electrode]; Cyclic voltammograms at different scan rates: c two-electrode
system [Ni–Fe alloy mesh (WE) and Pt-Ir alloy(CE)], d three-electrode system [Ni–Fe alloy mesh
(WE), Pt-Ir alloy (CE) and RHE as reference electrode]; chronopotentiograms at different current
densities: E) two-electrode system [Ni–Fe alloy mesh (WE) and Pt-Ir alloy (CE)], e three-electrode
system[Ni–Fe alloy mesh (WE), Pt-Ir alloy(CE) and RHE as reference electrode]
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compare the values of Ni–Fe alloymeshwithNi–Fe LDH as reported byGratzel et al.
[22]. The onset of OER occurs at 1.6 V for both the two-electrode and three-electrode
systems.

Since linear sweep voltammetry and cyclic voltammetric studies are dynamic in
nature, and the onset potentials of OER might not be accurate, the potentiometric
studies were carried out by fixing the current density and measuring the variation in
the potential with time (see Figs. 3e, f). For two-electrode system, an onset of OER
for Ni–Fe alloy mesh is observed at 1.7 V and with the increase in current density
it reaches 2.2 V. In the case of three-electrode system, the onset of OER for Ni–Fe
alloy mesh is observed at 1.63 V and at higher current density it is 1.89 V. Iron
is more susceptible to oxidation in the alkaline medium compared to nickel, hence
the composition of Ni–Fe alloy mesh was analyzed after the experiments [29–31].
Figure 2b shows the chemical composition indicating the presence of oxygen. There
was also a change in the color of Ni–Fe alloy mesh from black to brown after OER
measurements. Despite undergoing oxidation on the surface of Ni–Fe alloy mesh,
its efficiency was not affected due to the formation of NiFeOOH which itself is also
a good OER catalyst [32, 33]. The onset potential of OER reactions of Ni–Fe alloy
mesh might not show significant differences compared to that of Pt/Pt-Ir alloy or
Ni–Fe LDH [33]. One of the major limitations of Ni–Fe LDH is that it will be in the
form of powder and has to be deposited on a supporting material/substrate prior to
testing its electrocatalytic activity. In contrast, Ni–Fe alloy in the form of mesh can
be used directly and thus can act as an alternative electrocatalyst for OER in alkaline
medium.

4 Conclusions

Ni–Fe alloy mesh, e-waste from an old computer monitor having Ni:Fe ratio similar
to that of Ni–Fe LDH has been used as an electrocatalyst for the OER. The oxygen
evolution potential of Ni–Fe alloymesh is comparable to that of expensive Pt/Ni/Pt-Ir
alloy/Ni–Fe LDH with the onset OER at 1.63 V in sodium hydroxide solution. The
electrocatalytic activity of Ni–Fe alloy mesh has been demonstrated and proposed
as an alternative to the noble metal catalyst used in the practical applications of
electrolysis of water in an alkaline medium.
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Design of Imprinting Matrix for Dual
Template Sensing Based on Molecularly
Imprinted Polymer Technology

Ritu Singh, Manjeet Harijan, and Meenakshi Singh

1 Introduction

Concerning the burden of pharmaceutical products on our society, their misuse and
over usage and even of their metabolites, they should be monitored consistently
and judiciously and their usage should be scaled down. Molecular imprinting (MIP)
tenders such monitoring in an effortless manner [1]. MIP often named ‘artificial
enzymes’ and/or ‘artificial antibodies’ is one of the most promising and flourishing
techniques for sensor designing. The major advantages of MIPs compared with anti-
bodies are their high and almost unlimited stability and the ease of preparation even
at a large scale that undoubtedly supersedes antibodies in terms of costs.

Considerable interest is being devoted to the design of a tailor-made polymer
matrix capable of recognizing and binding the molecular target with high selectivity
[2]. Strategic integration of recognition element (MIP) with a transducer for fabrica-
tion of sensors is a requisite. Electro polymerization of monomers with analyte on
electrode itself is a facile answer to such integration. A review on this electrochemical
approach by Sharma et al. [3] entails such approaches used in integrating imprinting
technology for the fabrication of sensing devices. The monomers generally utilized
for this purpose are pyrrole, o-phenylene diamine, phenols, thiophene, and/or deriva-
tives of them [3]. 3-thiophene acetic acid(3-TAA) is a suitablemonomer for designing
electrochemical MIP sensors as it easily generates thin films on conducting trans-
ducer surfaces. The carboxyl group is free for interaction with template molecules
and does not participate in polymerization [4]. Poly(3-thiophene acetic acid) has
been widely utilized for producing biomolecular hybrids [5, 6]. Imprinted polymer
fabricated electrochemical sensing platforms are advantageous in terms of low cost,
high sensitivity, and selectivity towards imprinted molecules [7].
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Graphene comprises a single layer of carbon atoms that are sp2 bonded, arranged
two-dimensionally in a honeycomb lattice with good mechanical and thermal
strength, high electrical conductivity, and large surface area making it a preferable
choice for composites or nanocomposites [8–11]. Graphene/ reduced graphene oxide
(rGO) being a good electrical conductor can be dispersed or mixed with polymer
solutions effortlessly. MIP sensors with graphene are more sensitive and selective
showing good template binding capacity [12]. rGO is well known to increase the
sensitivity of sensing platforms due to the high surface area and unusual electro-
chemical properties [13]. During imprinting, molecular sites are introduced into the
polymer matrix that can recognize the template and selectively interact with it.

To date, many research works have been performed for multiple analyte determi-
nation using the electrochemical sensing platform [14]. MIP fabricated electrochem-
ical sensor has also been utilized by creating cavities for selective determination of
two molecules simultaneously. But most of these sensors are based on the detection
of either structurally or functionally similar template molecules. The present work
describes the fabrication of an electrochemical sensor for two structurally and func-
tionally different drugs in order to monitor the effect of different drugs in a patient
suffering frommultiple diseases. Here, antipyrine and ethionamide are used asmodel
drugs to imprint the polymer film on the electrode for electrochemical determina-
tion. Antipyrine is used as an analgesic to reduce pain and inflammation, usually used
with other antibiotics to treat ear infections [15, 16]. Ethionamide (ETA) is the most
common drug that is used with other medications to treat tuberculosis. ETA func-
tions by inhibiting the growth of Mycobacterium tuberculosis but its minimal dose
requirement to treat infection is sufficiently high to avoid various side effects such
as gastrointestinal disorders, hepatotoxicity, neurotoxicity, cardiovascular effects,
endocrine effects, and skin reactions [17]. Both drugs are electroactive at different
potential windows without any interference with each other. This study can pave the
way for designing drug delivery vehicles for those patients who need multiple drugs
for their treatment and also in a controlled manner.

2 Experimental

Antipyrine and 3-thiophene acetic acid (3-TAA) was purchased from sigma Aldrich,
while ethionamide was purchased from MP Biomedicals. Sodium dihydrogen
orthophosphate dihydrate and disodium hydrogen orthophosphate were purchased
from Fisher scientific, Ethanol (AR grade) were purchased from Changshu Hong-
sheng Fine Chemical Co. Ltd. while methanol (HPLC grade) and acetic acid were
purchased from Merck. All the reagents used were of analytical grade and double
distilled water was used to prepare solutions.

Electrochemical experiments were performedwith a computer-controlled electro-
chemical workstation (CH Instruments, CHI 210A) connected with a conventional
three-electrode system containing an electrochemical cell. A glassy carbon elec-
trode (GCE), a Pt wire, and an Ag/AgCl (3 M KCl) were used as working, counter
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and reference electrodes respectively. For electrochemical sensing, differential pulse
voltammetry (DPV) responses for the determination of analytes were employed on
imprinted polymer film coated GCE.

For cleaning, the GCE was polished with 0.05, 0.3, and 1 µm aqueous alumina
slurry using smooth polishing micro-cloth pads, followed by thorough rinsing with
deionized water [18, 19]. Then, the GCE was ultrasonicated in acetone and distilled
water each for 10 min to remove leftover alumina or other impurities. Cleaning of
GCE was assured by reproducible cyclic voltammograms obtained in 5 mM potas-
sium ferricyanide solution (contain 0.1 mol/L KCl) solution over a potential range
from − 0.2 V to + 0.6 V, with a scan rate of 50 mV/s.

Reduced graphene oxide (rGO) was synthesized by a previously reported method
using graphene oxide as precursor and was used as prepared [20]. The cleaned GCE
wasmodifiedwith rGO. Subsequently, the template imprinted 3-TAApolymermatrix
was fabricated onto rGOmodified electrode by using cyclic voltammetry (CV) tech-
nique. For this purpose, the solution of 10 × 10−3 mol/L of 3-TAA (as monomer),
0.8 × 10−3 mol/L of ethionamide (template-1), 0.8 × 10−3 mol/L of antipyrine
(template-2) was prepared. Next, the CV was performed to allow electro polymer-
ization of 3-TAA monomer along with templates on rGO/GCE to form MIP adduct.
After electro polymerization, the electrode was washed with double distilled water
and kept to dry overnight at 4 °C (under refrigerated conditions). The MIP adduct
modified electrode was washed with the methanol-acetic acid solution for 30 min
by sonication, followed by subsequent washing with methanol to elute the template
molecules entrapped in the polymeric matrix. Non imprinted polymer (NIP) was also
prepared similarly to that of MIP without the template drug molecules.

3 Results and Discussion

3.1 Electro Polymerization of 3-Thiophene Acetic Acid

3-TAA is an advantageous monomer for imprinting as its carboxyl groups are
not involved in polymer chain growing reactions and are free for interacting with
complementary functional groups available on chosen analyte/template (here ethion-
amide and antipyrine) [4]. 3-TAA has been successfully electropolymerized to
develop a polymer matrix with controlled thickness. Both MIP and NIP were
synthesized using CV employing multiple cycles. The first cycle of voltammograms
recorded during the electro polymerization of MIP and NIP films respectively with
or without a template on rGO coated GCE are shown in Fig. 1.
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Fig. 1 Cyclic voltammogram obtained during the electro polymerization of 3-thiophene acetic acid
with antipyrine and ethionamide (MIP) and without antipyrine and ethionamide (NIP)

3.2 Extraction of Templates

Extraction of drugs (antipyrine and ethionamide) frompolymermatrixwas optimized
using different solvents like acetone, ethanol, methanol, and acetic acid. Acetic acid
and methanol in the ratio 1:9 were found to have higher extraction efficiency. Extrac-
tion was confirmed by the appearance of a peak at about − 1.4 V for ethionamide
and + 1.25 V for antipyrine in DPV of extracted solution (Fig. 2).

3.3 Imprinting Effect of MIP

The imprinting effect of MIP for ethionamide and antipyrine was also verified by
DPV response. MIP clearly exhibited a well-defined reduction peak at about −
1.4 V for ethionamide and peak current tends to increase for the various increasing
concentrations of the analyte. DPV responses for three varying concentrations of
ethionamide at 0.01, 0.03 and 0.06 mM in 0.1 M PBS (pH 7) are shown in Fig. 3. On
the other hand, antipyrine exhibited a distinct peak at around 1.25 V. DPV responses
for various concentrations of antipyrine in 0.1 M PBS (pH 7) showed a sequential
increase in increasing the concentration (Fig. 4). With the increase in concentration
of analytes more imprinted sites were occupied sequentially and consequently, the
corresponding increase in peak current was observed.
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Fig. 2 DPV responses for
ethionamide and antipyrine
in the extracted solution of
methanol and acetic acid in
0.1 M PBS buffer

Fig. 3 DPV response for
varying concentrations of
ethionamide
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Fig. 4 DPV response in the
concentration range of
0.05–0.6 µM of antipyrine

The sensor was found to exhibit excellent selectivity for imprinted analytes in the
presence of analogous interfering molecules such as 4-aminoantipyrine (4 AP), 4-
dimethylaminoantipyrine (4-DMAP), isoniazide, rifampicin, melphalan, phenylala-
nine. The highest selectivity was obtained for ethionamide and antipyrine on MIP
while NIP prepared under the same experimental conditions in their absence showed
negligible signals for both the drugs. rGO facilitated in improving the sensitivity
towards imprinted analytes up to the nanomolar range.

Rebinding at the MIP modified GCE and NIP modified GCE was also checked.
Selective recognition towards the template molecule is an overriding capability for
MIP sensors. On extraction of the template from polymer, several imprinted cavi-
ties are generated in polymeric film; these specific cavities left behind contribute to
selective capture of analyte molecules. Although functional groups responsible for
imprinting are present in the non-imprinted polymeric matrix also, in the absence
of analyte/template orientational functional groups are lacking in NIP thus not able
to induce the analyte molecules towards the functional groups of the non-imprinted
matrix. In the imprinted matrix, analyte molecules leave behind their ‘imprint’, i.e.
the guided conformational orientation of functional groups which induce the analyte
molecules towards them from solution. Hence, imprinted matrix developed specific
‘contours’ for analytemolecules duringmolecular imprinting. NIP showed no signif-
icant response for both the analytes. The 3-TAA imprinted polymer matrix on rGO
modified electrode exhibited excellent sensitivity for both templates.

3.4 Reusability and Stability of MIP Sensor

Repeatability and reusability of the designed sensor are important for practical appli-
cations of detection platforms. The proposed sensor was found to exhibit good
reproducibility even after one month, as no significant loss in peak current was
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observed. Repetitive use of MIP sensor with extraction (regeneration of imprinted
cavity) and rebinding did not compromise the sensitivity and selectivity of the sensing
matrix. The changes in current were optimized at the same concentration and an
almost similar response was obtained on the electrode surface, indicating excellent
reusability of the MIP sensor towards both the analytes.

4 Conclusions

This study highlights the development of a sensitive sensing platform in which rGO
modified GCE was used for sensing antipyrine and ethionamide simultaneously at a
single sensing platform as a model drug with exemplary selectivity and sensitivity. A
dual template MIP sensing electrode where both antipyrine and ethionamide could
be estimated one-after-another, without any interference was successfully fabricated.
However, simultaneous analysis of these drugs at the same time appeared to be
cumbersome presumably because of long-range of potential differences. The future
work is focused on resolving this issue.
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Recent Perspective and Applications
of Electrode Materials
for Electrochemical Sensing of Lead Ions

Monika Antil and Babankumar S. Bansod

1 Introduction

Our naturally occurring resources like water, air, and soil are badly affected because
of heavy metal ions contamination due to industrial activities, fossil fuels produc-
tions, usage of fertilizers, and many other processes [1]. Many pollutants have been
released regularly into the environment, but heavy metal ions are hazardous and
are categorized into a different category because of their highly toxic and non-
biodegradable nature [2]. Heavy metals can cause profound loss to human beings
due to their non-declining nature. These heavy metal ions are difficult to degrade in
the human body; they eventually accumulate within the human body [3]. Different
types of heavy metals in the ecosystem, such as arsenic, cadmium, lead, mercury,
etc., have threatening hazards that rely on their chemical forms and exposure levels.
Lead is a valuable metal found in our environment and has wide applications in
various fields. Lead is accepted as a rare case because it can quickly arise in potable
water through the plumbing system and is a scary part released from natural weath-
ering processes and industrial processes. The primary causes of lead pollution occur
through automobiles, factories, lead storage battery effluents, glass manufacturing
industries, lead ores mining and smelting, finishing operations, fertilizers, and addi-
tives in petroleum industries, etc. Other lead sources are occupational exposures like
plumbers and fitters, chemical industry, construction workers, demolition workers,
radiator repair, car technicians, battery manufacturers, recyclers, and plastic manu-
facturers are at risk due to lead exposure [4]. Tetraethyl and tetramethyl lead is still
used to increase the octane number of gasoline in some regions like Afghanistan,
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Table 1 Safe permissible
limits of lead

EPA limit WHO limit EU limit New EU limit
[2020]

15 μg/L 10 μg/L [9, 10] 10 μg/L 5 μg/L [8, 11]

Algeria, Iraq, etc. Lead ions released from the automobiles exhaust are also present
on the plants near the highways. The lead ions strongly affect the human body and
the environment, even at sub-levels. Lead ions affect the different body parts such as
the brain, nervous system, also cause cancer, skin lesions, cardiovascular diseases,
neurological disorders, etc. [5, 6]. Due to its non-biodegradable nature, they increase
significantly due to their tendency to accumulate in living being’s vital organs [7].
Therefore, it’s necessary tomonitor and control lead exposures. Due to an internecine
effect of lead on the environment, the World Health Organization has set its permis-
sible safe limit as ten parts per billion (Table 1). Recently, the European Union
reduced its safe permissible limit from ten to five per billion [8], affirm the demand
to identify high lead exposure areas using affordable, in-situ, and accurate methods
(Table 1).

2 An Electrochemical Technique for Lead Sensing

To assess the importance of this area of research, the Scopus analysis was carried out
using the following search words: “Electrochemical sensing” and “Lead” (Fig. 1).
From the analysis, it is evident that there is a progressive increase in the number
of publications on this topic (Fig. 1a). China is the leading country researching this
topic followed by India (Fig. 1b). In India, the leading institutions where the research
on electrochemical sensing of lead ions is pursued are University of Madras, Birla
Institute of Technology, Banaras Hindu University, Bangalore University, Indian
Institute of Science, CSIR-CSIO, and others.

For monitoring lead ions in drinking water, robust and versatile electrochemical
techniques have been used to provide accurate measurements with high sensitivity,
high accuracy, and an extensive linear dynamic range, with inexpensive and excellent
portable instrumentation [12, 13]. Among the different electrochemical techniques
(Fig. 2), stripping voltammetry is a promising method for detecting trace metal ions
because of its pre-concentration step [3, 14, 15].

2.1 Principle of Electrochemical Sensing of Lead

Anodic stripping voltammetry is one of the most suitable and best approaches for
analyzing lead ions in water due to its high sensitivity and selectivity, ease of opera-
tion, cost-effectiveness, small equipment, easy installation, simple sample prepara-
tion, and ability to perform multi-elemental detection [15]. It is an ecofriendly and
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Fig. 1 Scopus analysis of the literature data performed using search words “electrochemical sens-
ing” and “lead” as of 12thMay 2021. a The plot of number of publications versus year of publication
and b top countries publishing papers on the topic of electrochemical sensing of lead ions

straightforward technique based upon the redox reaction, including two steps; the pre-
concentration step and the stripping action [16]. In anodic stripping voltammetry, the
targeted species get reduced/deposited onto the working electrode surface by electro-
deposition at a particular reduction potential known as the pre-concentration step.
The reaction takes place under the pre-concentration action represented as following
[17].

M = Mn+ + ne− (1)

M is the targeted species, and n is the no. of ions.
After a particular period, the deposited species gets oxidized and stripped out

from the electrode surface by scanning a positive potential called the stripping step.
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Fig. 2 Electrochemical techniques used for sensing heavy metals

In this step, during oxidation, the electrons are released that generate the current peak
at the particular oxidizing potential. The reaction occurs as follows [17]:

M = Mn+ + ne− (2)

The current peak, as shown in Fig. 3, is proportional to the sample’s concentration
present in the electrochemical cell solution. Based on the oxidizing potential, one
can identify the sample species.

Thepotentiostatwith three electrodes (working, counter, and a reference) is used in
the anodic stripping voltammetry technique. These three electrodes play a different
role in anodic stripping voltammetry, including a working electrode, which is the
primary functional electrode on which targeted species are deposited and oxidized

Fig. 3 Working principle of electrochemical sensing
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as per the applied potential. The counter electrode is used to conduct and measure
the current through the working electrode, and the reference electrode is used to
keep the constant electrode potential. The working electrode’s performance is criti-
cally associatedwith the working electrode’s materials. Therefore, the selection of an
appropriate working electrode for a given analyte is still a challenge. The researchers
have been working on different materials to modify or enhance the working elec-
trode’s surface to get substantial results. The design and synthesis of appropriate
electrode materials embellish the critical area to improve the performance and in situ
heavy metal monitoring [1].

3 Perspective and Applications of Electrode Materials
for Lead Sensing

The working electrode is the central part of the design sensing platform for lead
ions. The electrode is modified with different materials to enhance the sensitivity. In
the published reports, the electrode is modified with multiple materials that follow
other properties, enhanced conductivity, enhanced porosity, surface area with more
active sites, and selectivity towards a specific target species. Different conventional
and modified electrodes have been used to detect lead ions in drinking water which
are discussed in the next sections.

3.1 Conventional Electrodes

Different types of conventional electrodes have been used in the sensing of heavy
metals. The conventional electrodes such as platinum, gold, silver, copper, nickel,
and the modified electrodes such as carbon electrodes with other materials such
as metallic films, nanomaterials, polymers, chemically bound molecules, etc., have
been used for sensing heavy metals. In this review, the contribution of different
electrodematerials is mentioned for electrochemical sensing of lead ions. In reported
publications, authors have used other functional groups and metallic films such as
bismuth and tin films, MoS2/rGO nano-composite, Zeolite NH4-Y, β-cyclodextrin,
etc., for the selective detection of lead ions as illustrated in Table 2.

3.2 Screen Printed Electrodes

Though conventional electrodes exhibit excellent stability, electron transfer kinetics,
sensitivity, and robustness, they are expensive. In recent years, screen printed
electrodes have drawn a lot of attention due to the following advantages:
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• Low-cost
• Design flexibility
• Reproducibility
• Manufacturing with different materials
• Capacity to modify the surface
• Connecting to a portable instrumentation
• Avoids tedious cleaning processes

Besides the above advantages, screen printed electrodes are compact, cost-
effective, display a favorable signal-to-noise ratio, and can detect metal ions up-
to-the limits set by the world health organization. Screen printed electrodes are
more appealing over conventional solid electrodes because of their disposable char-
acter that avoids dreary polishing, cleaning, and activation procedures for reuse [31,
32]. Screen printed electrodes (SPEs) are the favorable and appropriate option to
determine metal ions at low concentration levels [33].

Also, SPEs can be modified with new supports by depositing metallic films [34].
Researchers are focused on the design of low-cost, compact, and reliable electro-
chemical sensors using screen printed electrodes. Some of the important publications
on sensing lead ions using the screen printed electrodes are summarized in Table 3.
Foster et al. [35] deposited metal films on screen printed electrodes and determined
that unmodified SPEs can detect lead at lower levels without pre-treatment of the
electrode.

Wang et al. [42] developed gold-coated screen printed electrode for detecting
lead ions successfully up to 0.030 μg/L detection limit. Honeychurch et al. [37]
fabricated screen printed electrodes for the detection of lead ions in natural water up
to 2.5 ng/mL detection limit. Masawat et al. [40] have researched the sensing of lead
ions using a modified screen printed electrode with sputtered gold and detected lead
ions up to 0.8 μg/L in drinking water. Martínez-Paredes et al. [41] fabricated gold
nanoparticles modified screen printed electrodes for sensing lead ions up to 0.9μg/L
in water and blood samples. Mouhamed et al. [44] have researched the detection of
lead ions using carbon paste screen printed electrode and found a lead detection limit
of 0.138 μg/L in tap water.

3.3 Advantages of Screen–Printed Electrodes Over
Conventional Electrodes

Conventional electrodes are applicable in laboratory testing or off-site work. The off-
sites techniques have some disadvantages such as collecting samples, the delivery
of samples to a laboratory for testing those results in changes in the conditions
of samples and in turn cause accuracy and sensitivity issues (Table 4). Also, there
is a cost factor in the transportation of samples. A real-time monitoring system is
essential for continuous monitoring of samples to overcome these issues. For on-site
monitoring, it was essential to replace the commonly used cumbersome electrodes
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Table 3 Applications of screen printed electrodes for lead detection

Analyte Technique Sample Electrode Electrode
material

LOD References

Pb2+ DPASV Urine and
drinking water

Screen printed
electrodes

Gold-coated
screen printed
electrode

0.030 μg/L [36]

Pb2+ DPASV Natural waters Screen printed
electrodes

– 2.5 ng/mL [37]

Pb2+&
Cd2+

LSASV River water Screen printed
electrodes

Modified with
crown-ether
based
membrane

1.66 μg/L
0.67 μg/L

[38]

Pb(II) SWASV Waste water
samples

Screen printed
electrodes

Gold sensor 2 μg/L [39]

Pb(II) SWASV Drinking and
tap water

Screen printed
electrodes

Gold-
sputtered
SPEs

0.8 μg/L [40]

Pb(II) SWASV Water and
blood

Screen printed
electrodes

Gold
nanoparticles
modified
SPEs

0.09 μg/L [41]

Pb2+&
Hg2+

PSA Laboratory
samples

Screen printed
electrodes

Gold-coated
SPEs

0.6 ppb
0.5 ppb

[42]

Pb2+&
Cd2+

SWASV Aqueous
samples

Screen printed
electrodes

Filter paper
strip

2.0 μg/L
2.3 μg/L

[43]

Pb2+ LSV Tab water Screen printed
electrodes

Carbon paste 0.138 μg/L [44]

DPASV Differential pulse anodic stripping voltammetry; LSASV Linear sweep anodic stripping
voltammetry; SWASV Square wave anodic stripping voltammetry; PSA Potentiometric stripping
analysis; LSV Linear sweep voltammetry; LOD Limit of detection; LOD Limit of detection

with hand-held screen printed electrodes. In screen printed electrodes, all three elec-
trodes systems, including reference, counter, and working electrodes, can be printed
on a single surface that makes these electrodes very advantageous. Screen printed
electrode applications support the progressive drive towards miniaturized, sensitive,
compact, and portable devices and also for commercialization for real-time moni-
toring [48]. Screen printed electrodes provide a standard way to synthesize and
fabricate innovatively designed electrochemical sensors. Due to miniaturization,
cost-effectiveness, portability, and connectivity make them very pertinent for on-
site determination of targeted species. The utilization of modern fabrication devices
encourages the replacement of bulky electrodes with easy to use sensors.

Current smart sensors for water monitoring are developed using the screen printed
electrodes to meet the compact size device and have received significant attention
and motivation in the research area of heavy metal detecting sensors. For example,
commercially available devices such as DropStat and 910 PSTATmini (Fig. 4) devel-
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Table 4 Significance of different electrodes in electrochemical sensing

Electrode type Electrode material Advantage Disadvantage References

Conventional
electrodes

Bare electrodes Excellent tool for
the analysis of
metal ions, high
reproducibility, and
repeatability

Safety and
environmental
issues

[45]

Solid bulk
electrode

Gold, Silver,
Platinum, etc.

Exhibit excellent
stability, robust and
favorable electron
transfer kinetics

Not applicable for
multi-element
detection, meet
with a higher cost

[46]

Modified
electrode

Modified with
different functional
groups, metallic
film, etc.

Sensitive, enhance a
surface area, can
detect
multi-element
simultaneously

Meet with the
higher cost, cause
of interference

[47]

Screen printed
electrodes

Gold, silver, glassy
carbon, platinum,
etc.

Avoids tedious
polishing, cleaning,
and activation
procedures
commonly
associated with
concrete surfaces
Compact size
Cost-effective
Best for in-situ
experimentation
resistant to fouling

- [48, 49]

Fig. 4 Commercially available electrochemical devices using screen printed electrodes for sensing
heavy metals [50]
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oped and marketed by Metro Ohm are handy devices that are potentiostat-based for
sensing purposes [50].

4 Conclusions

Owing to the toxicity of heavy metal ions at trace level, a portable, reliable, sensitive,
and accurate determination is imperative. Several techniques and technologies are in
action formonitoring the heavymetal ions. Electrochemical techniques offer exciting
opportunities due to the availability of different electrode materials. However, there
are still gaps because most methods require the sample to be transported to the
laboratory, making on-site analysis challenging. This review focused on the detec-
tion of lead heavy metal ions and discussed the advantages of the electrochemical
technique using different types of electrodes materials. Various types of electrodes
and electrode materials have materialized as motivating and encouraging in many
aspects. Conventional electrodes are expensive and applicable for laboratory work.
In comparison, screen printed electrodes could be inexpensive, user-friendly, and
functional for on-site monitoring. Based upon the literature, it is concluded that a
miniaturized, cost-effective, and portable sensor device can be fabricated using the
modified or screen printed electrodes to detect trace lead ions and other heavy metal
ions in water.
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Voltammetric Response of Synthesized
CuO Nanoparticles Towards Dopamine

S. R. Kiran Kumar , M. S. Anantha , H. B. Muralidhara ,
and K. Yogesh Kumar

1 Introduction

In recent years, there is a great interest in the use of nanoparticles (NPs) and their
composites for the development of modified electrodes for a variety of applications.
Metal oxide nanoparticles can lower the overpotential, increase the reaction rate and
sensitivity and improve the selectivity [1, 2]. Metal oxide nanoparticles (NPs) have
unique features, and great attention has also been paid to the electrochemistry of
metal oxide-modified electrodes [3]. Among the various metal oxide NPs, CuO has
attracted particular attention because of its low cost and its properties are similar to
that of other metallic NPs, and it is the simplest member of the family of copper
compounds [4, 5]. It finds applications in heat transfer systems as a super-strong
material [6], biosensors [7], batteries [8], solar energy [9], antimicrobial agent [10],
bactericidal agents [11] and also as a catalyst [12]. CuO crystal structure possesses
a narrow band gap, giving useful photocatalytic and photovoltaic properties [13].

Dopamine (DA) is one of the naturally occurring catecholamines in the
mammalian central nervous system. It plays a key role in the function of the central
nervous, renal, hormonal and cardiovascular systems [14]. Thus, a loss of DA-
containing neurons may lead to neurological disorders, such as parkinsonism and
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schizophrenia [15]. Development of both sensitivity and selectivity is of equal impor-
tance in voltammetric procedures, and also this would help in the prevention and
treatment of several neurodegenerative diseases.

Herein, the CuO NPs were prepared from the hydrothermal method and then
used to modify the surface of the carbon paste electrode (CPE). The electrochemical
behaviour of DA on this CuO-modified CPE (CuO/CPE) was studied. It was shown
that the current peak for the oxidation of DA could be well resolved, and based on the
different electrocatalytic activities of the modified electrode towards these species,
a sensitive and selective method for the determination of DA was set up for routine
analysis. The antimicrobial activity of CuONPs was evaluated by using the agar disc
diffusion method, and minimum inhibitory concentration (MIC) was determined by
the dilution method.

2 Experimental

2.1 Reagents and Stock Solution

All the reagents including Copper (II) nitrate trihydrate (Cu(NO)3.3H2O), sodium
hydroxide (NaOH), Triton X-100 (C14H22O(C2H4O)n, dopamine hydrochloride
(DA), disodium hydrogen phosphate (Na2HPO4), sodium dihydrogen orthophos-
phate (NaH2PO4), Dimethylformamide (C3H7NO) silicone oil and graphite powder
(<20 µm particle size) were of analytical grade purchased from SD Fine Chemi-
cals, Mumbai, India, and used as received without further purification. All the stock
solutions were prepared by using double distilled water.

2.2 Instruments

The cyclic voltammetric (CV) measurements were performed on an electrochem-
ical workstation (CH Instruments, Model 660D). Electrochemical experiments were
carried out in a three-electrode cell system, which contained a bare carbon paste
electrode (BCPE), CPE/CuO NPs, as the working electrode, an aqueous saturated
calomel electrode (SCE) as the reference electrode and a Pt wire as the auxiliary
electrode. X-ray diffraction (XRD) patterns were obtained on a Bruker D2 Phaser
XRD system. Surface morphology (SEM) was studied using a scanning electron
microscope (JEOL JSM 840).
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2.3 Preparation of CuO Nanoparticles

CuO NPs were synthesized via the hydrothermal method in the presence of Triton
X-100. Experimental details followed are as described in our previous work [16]. In a
typical procedure, 20mL of 0.2mol/LNaOH solutionwas slowly added into a 20mL
of 0.1mol/L copper(II) nitrate trihydrate solution containing 0.004mol/L ofTritonX-
100 with constant stirring. After vigorous stirring for 3 h, the mixture was autoclaved
at 200 °C for 5 h. After the reaction, the system was naturally cooled to room
temperature, and the precipitates were separated from the solution and thoroughly
washed several times with deionized water and absolute ethanol and then dried in an
oven at 50 °C for 8 h.

2.4 Preparation of Bare Carbon Paste Electrode (BCPE)
and Modified Carbon Paste Electrode (MCPE)

The bare carbon paste electrode was prepared by hand mixing of 80% graphite
powder with 20% silicone oil in an agate mortar to produce a homogenous carbon
paste. Thepaste of around5mgwaspacked into the cavity ofCPEof 3mmindiameter
and then smoothed on a weighing paper. The electrical contact was provided by a
copper wire connected to the paste at the end of the tube. The modified carbon paste
electrode (MCPE) was prepared by adding 2, 4, 6, 8 and 10 mg CuO NPs to the
above-mentioned graphite powder and silicone oil mixture.

2.5 Media for the Interference Studies

The MCPE was performed using the CV technique under the optimum conditions of
40 mg/mL of dopamine concertation at 0.2 M phosphate buffer solution of pH 7.2.
The interference studies were performed using CaCl2, NaCl and KCl.

2.6 Antimicrobial Activity

2.6.1 Microbial Strains

The in vitro antimicrobial studies were carried out against six test microorganisms
(two Gram-positive bacteria: Staphylococcus aureus (NCIM 5021) and Bacillus
subtilis (NCIM 2999), two Gram-negative bacteria: Escherichia coli (NCIM 2574)
and Pseudomonas aeruginosa (NCIM 5029), and two fungi: Aspergillus flavus
(NCIM 524) and Candida albicans (NCIM 3471). Microbial strains were cultured
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overnight at 37 °C in nutrient and potato dextrose agarmedium.All the puremicrobial
strains were obtained from National Chemical Laboratory (NCL), Pune, India.

The synthesized CuO was tested in vitro using the agar disc diffusion method
taking Streptomycin and Fluconazole as reference drugs for bacteria and fungi,
respectively. In brief, the antimicrobial potentialities of the CuO NPs were esti-
mated by pre-sterilized filter paper discs (6 mm in diameter) impregnated with CuO
NPs dissolved in 100 µg/mL was placed on the inoculated agar. The plates were
incubated for 24 h at 37 °C in case of bacteria and 48 h at 28 °C in case of fungi.

2.6.2 Minimum Inhibitory Concentration (MIC)

The minimum inhibitory concentration of the CuO NPs was determined by the dilu-
tion method. The CuO NPs were dispersed in 5% DMF solution and diluted to give
twofold serial concentrations of the compounds which were employed to determine
theMICwith an amount of 5–75µg/mL.TheMICvaluewas determined as the lowest
concentration of the CuO NPs inhibiting the visual growth of the microorganism on
the agar plate.

3 Results and Discussion

3.1 Characterization of CuO NPs

Figure 1 shows the XRD pattern of as-prepared CuO NPs obtained by the
hydrothermal process, and all diffraction peaks can be indexed as monoclinic CuO
NPs in comparison with JCPDS card file No. 80-1916 (a= 4.69 Å, b= 3.42 Å and c

Fig. 1 Typical XRD pattern
of CuO nanoparticles
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Fig. 2 Typical SEM images of CuO at different magnifications

= 5.13 Å). No characteristic peaks of other impurities were detected. The diffraction
peaks were very sharp, which indicates the highly crystalline nature of the NPs.

Figure 2 shows the morphologies on the CuO NPs obtained by SEM at different
magnifications, both of them are composed of nanoflake structures. The size of
these nanoflakes ranges from hundreds of nanometres to several micrometres. The
thickness of these nanoflakes could be roughly estimated from their SEM images,
which is in the range of tens of nanometres.

3.2 Effect of CuO NPs on MCPE for Investigation of DA
and AA

In order to optimize the amount of CuO NPs on CPE, different concentrations of the
CuO NPs were used to determine the response of 5 × 10–5 M DA, 1 × 10−4 M AA
in a 0.2M phosphate buffer (pH 7.2) at a scan rate of 50 mV/s. The 10 mg CuO/CPE
response to the maximum current as compared to the 2, 4, 6 and 8 mg of CuO NPs
is shown in Fig. 3, and this optimized concentration is maintained during further
investigation.

3.3 Electrochemical Response of DA at BCPE
and CuO/MCPE

The electrochemical responses of 5 × 10−5 M DA and its voltammogram were
recorded in the potential range of −0.2 to 0.6 versus SCE in the 0.2M phosphate
buffer solution of pH 7.2 at the BCPE and the CuO/MCPE were measured at a scan
rate of 50mV/s byCV technique. The corresponding peak potential differences (�Ep

= 0.0618 V) and (�Ep = 0.058 V) for the BCPE (dashed line) and the CuO/MCPE
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Fig. 3 CuO/CPE response
to the maximum current of 5
× 10–5 M DA at different
concentrations of CuO
nanoparticles

Fig. 4 Cyclic
voltammograms of 5 ×
10−5 M DA in 0.2 M
phosphate buffer solution at
pH 7.2 using bare CPE and
CuO/MCPE at scan rate
50 mV s−1

(solid line) are shown in Fig. 4. At the BCPE, the anodic peak potential (Epa) and the
cathodic peak potential (Epc) were 0.1531 V and 0.0913 V, respectively. DA peak
currents significantly increased at the CuO/MCPE with the anodic peak potential of
0.1610 V, and the corresponding cathodic peak potential is 0.1039 V. The remark-
able enhancement of peak current provides clear evidence of the catalytic effect of
CuO/MCPE. These results indicate that the CuO/MCPE can accelerate the rate of
DA electron transfer.

3.4 Effect of Scan Rate on the Peak Current

The effect of scan rate for DA in phosphate buffer solution at pH 7.2 was studied by
CV at CuO/MCPE. Figure 5 shows an increase in the redox peak current at a scan rate
of 0.01–0.600 V/s for CuO/MCPE indicating that direct electron transfer between
DA and the modified electrode surface. The graph obtained exhibited good linearity
between the scan rate (v) and the redox peak current (Fig. 6) for the MCPE with
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Fig. 5 Cyclic
voltammograms of 5 ×
10−5 M DA in 0.2 M
phosphate buffer solution
using CuO/MCPE at
different scan rates
(0.01–0.600 V s−1)

Fig. 6 Typical graph
showing the linear
relationship between the
anodic peak current and scan
rate

correlation coefficients (R2) of 0.99664, which indicates that the electron transfer
reaction was the adsorption-controlled process. The difference between the anodic
peak potential and the cathodic peak potential is increasing with the scan rate.

3.5 The Effect of the Concentration Variation of Dopamine

According to electrochemical response, the redox peak current increased with
increasing concentration of the analyte. By increasing the concentration ofDA (1mM
to 8 mM), both the anodic peak current and cathodic peak current go on increasing
(Fig. 7). At the same time, the high surface area of the CuO NPs in CuO/MCPE
improved the electrode contact area of DA.
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Fig. 7 Cyclic
voltammograms showing
different concentrations of
DA (1–8 mM) in 0.2M
phosphate buffer solution
using CuO/MCPE

3.6 Interference Study for the Detection of DA

The influence of various foreign species as potentially interfering compoundswith the
determination of DA was investigated. Tolerance limit was defined as the maximum
concentration of interfering species that caused an approximate relative error of
±5% for the determination of DA. After the experiments, no significant interference
for the detection of DA was observed from the selected compounds such as CaCl2
4000 µM, NaCl 4000 µM and KCl 5000 µM. In the electrochemical response, the
peaks remain unchanged after successive 50 cyclic voltammetric scans, confirming
the good stability of CuO/MCPE. Interference studies using MCPE exhibit good
selectivity and sensitivity towards the detection of dopamine even in the presence of
various foreign species.

3.7 Antimicrobial Activity

The CuO NPs were evaluated for antimicrobial activity by using agar disc diffusion
method [17], and minimum inhibitory concentration (MIC) was determined by dilu-
tion method [18]. CuO NPs demonstrated in vitro antimicrobial activity against the
four bacterial strains belonging to theGram-positive (S. aureus, Bacillus subtilis,) and
Gram-negative (Escherichia coli, Pseudomonas aeruginosa) and two strains of fungi,
namely Aspergillus flavus, Candida albicans. The results of the antibacterial activity
of CuONPs are presented in Table 1. TheMIC is defined as the lowest concentration
of nanoparticles that inhibit the growth of a microorganism. CuO NPs showed MIC
at 28 and 31µg/mL for E. coli and P. aeruginosa, respectively. According toMIC, E.
coli and P. aeruginosa exhibited the highest sensitivity towards CuO nanoparticles
while B. subtilis, C. albicans and A. flavus showed the least sensitivity among the
tested microbes. The antimicrobial activity of the tested CuO NPs was compared to
the positive control drugs, streptomycin and fluconazole.
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Table 1 Antimicrobial activity of the CuO nanoparticles

Tested compounds In vitro activity zone of inhibition in mm (MIC in µg/mL)a

Gram-positive Gram-negative Fungi

S. aureus B. subtilis E. coli P. aeruginosa C. albicans A. flavus

CuO 13(50) 12(70) 13(28) 12(31) 11(75) 14(75)

Streptomycin 11.6(05) 10.4(05) 14.5(05) 13(05) NT NT

Fluconazole NT NT NT NT 16(05) 18(05)

a The values given are means of three experiments
()-MIC values
NT- denotes not tested

The antibacterial properties of CuO NPs are mainly attributed to adhesion with
bacteria because of their opposite electric charges resulting in a reduction at the
bacterial cell wall. It was earlier reported that the interaction between Gram-negative
bacteria andCuONPswas stronger than that ofGram-positive bacteria because of the
difference in cell walls, cell structure, physiology, metabolism or degree of contact
of organisms with nanoparticles. Gram-positive bacteria have thicker peptidoglycan
cell membranes compared to the Gram-negative bacteria, and it is harder for CuO
NPs to penetrate it, resulting in a low antibacterial response [19].

4 Conclusions

The synthesizedCuO/MCPE improved the sensitivity of the electrode and is acting as
a good electrochemical sensor for the detection of DA. Cyclic voltammetry measure-
ments revealed a reasonably fast electron transfer and good stability of the electrode
in phosphate buffer solution. The developed CuO-based electrode is cheaper, easy
to prepare and possesses high selectivity. It has good reproducibility of the voltam-
metric response, and thus, the developed electrode is very useful in the construction
of simple medical devices for the diagnosis of dopamine deficiency. It is expected
that because of its good electrocatalytic behaviour, the developed CuO/MCPE may
be used for the development of biosensors and other electroanalytical devices.
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Electrochemical and Photocatalytic
Applications of ZnO Nanoparticles
Synthesized Using the Leaf Extract
of Ricinus Communis

Mamata C. Naik , Jyothi H. Kini , and B. E. Kumaraswamy

1 Introduction

Nanoparticles are the primary source of various nanostructured devices or mate-
rials; hence, they are considered to be the basic elements of nanotechnology [1].
Nanoparticles have gained worldwide importance due to their diverse optical, elec-
tronic, thermal, and catalytic properties [2]. Different methods such as precipitation
method [3], sol–gel method [4], hydrothermal method [5], solvothermal method [6],
and chemical vapor deposition method [7] are available for the synthesis of different
sized ZnO nanoparticles. In particular, the plant-mediated synthesis of nanoparticles
has represented a very promising route which could be an alternative to chemical
and physical methods for the synthesis of nanoparticles.

Synthesis of metal oxide nanoparticles from plant extract is one of the popular
approaches for synthesizing ZnO nanoparticles using different parts of plants
such as leaves, seeds, stem, fruits, and flowers because of the phytochemicals
produced by them. This approach has attracted a special attention these days
because of their simplicity, cost-effectiveness, biocompatibility, non-toxicity, safety,
and environment-friendly nature. Biosynthesis routes help us to produce nanopar-
ticles with better-defined size and also morphology as compared to some of the
physicochemical methods [8].
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The Ricinus communis is commonly known as castor oil plant. Castor plant shows
antioxidant, anti-inflammatory, antimicrobial, and antihistamine properties. Leaves
are used for treating painful urination, lumps, heart disease, and colic pain in the
bladder. It is best known for the treatment of jaundice and liver-related problems [9].
The Ricinus communis plant extract especially leaf extract contains essential phyto-
chemicals such as terpenoids, flavonoids, ketones, aldehydes, amides, and carboxylic
acids that can be easily extracted. These phytochemicals facilitate the production of
ZnO nanoparticles and enhance its bioactivity. The plant extract reducesmetal ions to
metal nanoparticles in much lesser time. Therefore, it serves as an excellent source
for metal as well as metal oxide nanoparticle synthesis. Leaf extracts act as both
reducing and stabilizing agents in nanoparticle synthesis [10–13].

Quantitative determination of dopamine in human physiological fluids is gaining
tremendous importance in both clinical and biochemical diagnosis. Dopamine is
one of the most important neurotransmitters widely existing in the brain for the
message transfer in the mammalian central nervous system. Dopamine detection has
become important and has been given tremendous attention because a change in
the dopamine levels in the body helps in understanding the brain functions such as
learning and memory formation. Abnormal concentration of dopamine in the body
may lead to various diseases like Parkinson’s disease, Schizophrenia, and HIV infec-
tion. Therefore, investigation of simple and rapid determinationmethods of dopamine
is currently the subject of great interest by chemists and neuroscientists in bioanalyt-
ical and biomedical areas of research. The development of voltammetric sensors for
determining dopamine and other catecholamines present in the mammalian central
nervous system has received tremendous attention. The determination of concentra-
tion of dopamine in different solutions is usually studied by electrochemical methods
because dopamine canbe easily oxidizedby electrochemicalmethods [14–17].Nano-
sized ZnO can be synthesized in differentmorphologies such as nanorods, nanotubes,
nanobelts, nanoflakes, and nanoflowers [18]. The applications of biosynthesized ZnO
nanoparticles include antibacterial agents, cancer treatment, targeted drug delivery,
biosensors, gene therapy, DNA analysis, etc. [19].

The main objectives of this study were the synthesis of ZnO nanoparticles, use
them formodifying a glassy carbon electrode, and study the electrochemical behavior
of the modified electrode in the presence of dopamine by using cyclic voltammetric
technique. The photocatalytic activity of the synthesized ZnO nanoparticles has also
been studied through methylene blue photodegradation.
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2 Experimental

2.1 Materials and Methods

2.1.1 Reagents and Chemicals

Zinc acetate dihydrate (Loba Chemie), sodium hydroxide pellets (Loba Chemie),
dopamine, phosphate buffer pH 6.6, distilled water were used along with the extracts
and air-dried Ricinus communis leaves.

2.1.2 Preparation of Leaf Extract

25 g of leaves were weighed and washed with running tap water and dried under
shade. The dried leaves were placed in a 250 mL beaker containing 100 mL distilled
water and heated for 1 h at 60 °C. The extract was filtered through a sterile filter paper.
The filtered extract was used as a source for the synthesis of ZnO nanoparticles.

2.1.3 Synthesis of ZnO Nanoparticles

About 0.25 g of zinc acetate was dissolved in 50 mL distilled water. 1 mL of the
extract was added dropwise, and the resulting mixture was stirred for 20 min using
a magnetic stirrer. To adjust the pH of the solution to pH 7, sodium hydroxide (2 M)
was added dropwise. A white crystalline precipitate of zinc hydroxide was obtained.
The precipitate was then filtered, washed with distilled water, and dried in a hot air
oven at 60 °C for 1 h to obtain the zinc oxide nanoparticles [20].

2.1.4 Electrochemical Behavior of Dopamine

The electrochemical experiments were carried out using an electrochemical analyzer
(CH-instrument, model no.CH1200B). The standard three-electrode cell was used to
perform all the electrochemical experiments. ZnO modified glassy carbon electrode
was used as the working electrode. The reference electrode was aq. Ag/AgCl, and
the counterelectrode was platinum wire.

2.1.5 Preparation of ZnO Modified Glassy Carbon Electrode

50 mg of ZnO was accurately weighed and mixed in 0.1 mL distilled water with
constant stirring for about one and halfminute. One drop of thismixturewasmounted
over a previously cleaned bare glassy carbon electrode followed by 3–5min of drying



184 M. C. Naik et al.

without any disturbance. This coated electrode was used as a ZnO modified glassy
carbon electrode to study the electrochemical behavior of dopamine [21, 22].

2.1.6 Photocatalytic Activity

The photocatalytic activity was carried out using a UV–Vis spectrophotometer
(Thermo Scientific Evolution 201) at 400–800 nm range. Methylene blue solution
was prepared by taking concentration of 10 mg/L (10 ppm). From this, 100 mL
solution was taken in the beaker and 10 mg of ZnO nanoparticles were added to
it. The mixture was stirred for 30 min. The solution was exposed to sunlight. The
absorbance was measured after every 30 min of sunlight exposure for 3 h using
UV–Vis spectroscopy [23].

3 Results and Discussion

3.1 Powder XRD

Figure 1 represents the X-ray diffraction pattern of synthesized ZnO nanoparticles.
The diffraction peaks observed at 31.57, 34.21, 36.32, 47.36, 56.32, 62.63, 66.05,
67.47, 68.68, 72.11, and 76.32° that can be indexed to (100), (002), (101), (102),
(110), (103), (200), (112), (201), (004), and (002) crystal planes, respectively which
can correspond to the hexagonal wurtzite crystalline phase of ZnO (JCPDS card
No. 36-1451) [24]. Further, it also confirms the absence of impurities as it does not
contain any characteristic XRD peaks other than ZnO peaks. The average size of the
crystallites was calculated using Debye–Scherrer formula.

D = kλ

β cos θ

Fig. 1 X-ray diffraction
pattern of ZnO nanoparticles
synthesized from leaf extract
of Ricinus communis
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Fig. 2 UV–Visible spectra
of ZnO nanoparticles
synthesized from leaf extract
of Ricinus communis

whereD is the average crystallite size, λ is the wavelength of X-rays, θ is the diffrac-
tion angle, and β is the full width at half-maxima (FWHM) [25]. The crystallite size
calculated using XRD was found to be 19.04 nm.

3.2 UV–Visible Spectra

Figure 2 represents the absorption spectrum of ZnO nanopowder. The UV–Vis
absorption spectrum of ZnO nanoparticles synthesized from Ricinus communis
exhibits a strong absorption band at about 367 nmcorresponding to the intrinsic band-
gap absorption of ZnO that happens because of electron transitions taking place from
the valence band to the conduction band (O2p–Zn3d). An excitonic absorption peak
is seen at about 254 nm which corresponds to the extract of Ricinus communis leaf.
The energy band gap of ZnO nanoparticles was estimated by using Tauc formula:

E = hc/λ (1)

where c is the velocity of light (3×108 m/s),h is Planck’s constant (6.626×10−34 Js),
and λ is the wavelength (367.06 nm). The band gap energy of synthesized ZnO
nanoparticles was found to be 3.37 eV. Since the ZnO NPs shows strong absorption
in the UV region, it can be used for various medical applications [26, 27].

3.3 FTIR Spectroscopy

Figure 3 represents the FTIR spectrum of ZnO nanoparticles synthesized from
Ricinus communis leaf extract. The broad peak at 3412 cm−1 corresponds to O–
H stretching and hydrogen-bonded groups in alcohol or phenolic or water molecules
in the leaf extract. The peak at 2071 cm−1 indicates the –C=C stretching vibration
of alkynes. The strong absorption peaks at 1636 cm−1 correspond to the stretching
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Fig. 3 FTIR spectrum of
Ricinus communis derived
ZnO nanoparticles
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vibration of C=O hydroxyl (or) carboxyl groups on the surface of the sample. The
vibrational peaks observed between 400 cm−1 and 600 cm−1 correspond to metal
oxides [M–O] [28, 29].

3.4 Scanning Electron Microscopy (SEM)

The morphology of the synthesized ZnO nanoparticles was determined by SEM.
Figure 4a, b represents the typical images of synthesized ZnO nanoparticles. SEM
image demonstrates uniform structure and size of ZnO nanoparticles. However, some
agglomerates are also seen. The ZnO nanoparticle size is in the range from 60 to
100 nm [30].

Fig. 4 SEM images of synthesized ZnO nanoparticles of Ricinus communis at a 30 kX and b 10
kX magnifications
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3.5 Electrochemical Behavior of Dopamine Using ZnO
Modified Glassy Carbon Electrode

Cyclic voltammogram of ZnO modified glassy carbon electrode was recorded in the
presence of 2mMdopamine and0.2Mphosphate buffer solution in pH6.6 at different
scan rates (20–100mV/s) (Figs. 5 and 6).With an increase in scan rate, the redox peak
current increased simultaneously along with enlarged peak separation. Furthermore,
the square root of scan rate was plotted against cathodic as well as anodic peak
currents (µA) which showed linear increase with the increase in scan rate. The graph
obtained was nearly straight lines as shown in Fig. 7. From the two linear plots,
the linear regression equation can be described as Ipa = 2.2919x + 5.5615 (R2 =
0.9276); Ipc =−1.5764x+ 1.2202 (R2 = 0.9884) and Ipa = 0.356x+ 7.7734 (R2 =
0.8917); Ipc = −0.6759x + 1.2975 (R2 = 0.9379), respectively. From this result, it
could be interpreted that for all scan rates considered, the electrochemical oxidation
of dopamine at ZnO modified glassy carbon electrode is adsorption-controlled [31,
32].

Fig. 5 Cyclic
voltammogram of glassy
carbon electrode in presence
of 2 mM dopamine and
0.2 M phosphate buffer
solution in pH 6.6 at scan
rate of 100 mV/s

Fig. 6 Cyclic
voltammogram overlay of
ZnO modified glassy carbon
electrode in the presence of
2 mM dopamine and 0.2 M
phosphate buffer solution in
pH 6.6 at various scan rates
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y = 0.356x + 7.7734
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y = -0.6759x + 1.2975
R2 = 0.9379
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Fig. 7 Linear relationship between anodic and cathodic peak current vs. square root of scan rate

The linear increase in the redox peak currents of dopamine with the effect of
increasing scan rates from 20 to 100 mV/s using ZnO modified glassy carbon
electrode is a proof for the excellent electrocatalytic activity.

3.6 Photodegradation

Figure 8 represents the UV–Vis spectra of methylene blue with the time interval
of 30 min representing the photodegradation of methylene blue. Figure 8 shows
% degradation of methylene blue with ZnO nanoparticles exposed to sunlight by
varying time. The % degradation of methylene blue was found to be 90% within

Fig. 8 UV–Vis absorption spectra of methylene blue dye solution degradation in the presence of
synthesized ZnO nanoparticles
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Fig. 9 Plot of %methylene blue dye degradation using 10 mg of synthesized ZnO at different time
intervals

a span of 210 min. The enhanced photodegradation of ZnO is attributed to better
surface area to mass ratios and light dispersion on the surface of synthesized ZnO
[33–35] (Fig. 9).

4 Conclusions

ZnO nanoparticles were synthesized successfully from the aqueous extract of
leaves of Ricinus communis. The ZnO nanoparticles were analyzed using FTIR,
XRD, UV–Vis spectroscopy, and SEM. The prepared ZnO nanoparticle-modified
glassy carbon electrode was more effective in investigating the electrochemical
behavior of dopamine. ZnOmodified glassy carbon electrode exhibits an adsorption-
controlled process and enhanced electrochemical sensing property for the detection
of dopamine. The photocatalytic activity of the synthesized ZnO showed methylene
blue degradation of over 90% within a span of 210 min.
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1 Introduction

Copper nanoparticles (NPs) are of great importance due to their wide application in
anti-viral/antibacterial coatings [1–3], CO2 adsorption [4–6],methanol oxidation [7],
electronics [8], and sensor [9]. Copper is a good alternative to more costly metallic
silver and gold nanoparticles and can be used for antibacterial, photocatalytic, and
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biomedical applications. Also, copper nanoparticles have higher catalytic efficiency
than other nanoparticles [10, 11]. The properties of copper nanoparticles can be
controlled easily by changing the synthesis pathway. Copper nanoparticles have
been synthesized using various routes like chemical reduction, biological and non-
biological methods, chemical wet method (solvents thermal decomposition), green
synthesis (surfactant-less), and other modified methods [12–16]. They can easily
oxidize to form copper oxides. To avoid oxidation, these syntheses are performed in
non-aqueousmedia at a low concentration of precursor and under an inert atmosphere
either in nitrogen or in argon atmosphere.

Template-assisted electrochemical synthesis of semiconductor nanowires has
been reported by Sisman et al. [17]. Lithographically patterned metallic nanowire
electrodeposition (LPNE) has been reported by Menke et al. [18], which is an
example of bottom-up electrochemical synthesis. Template-based electrochemical
synthesis of copper (Cu) nanowires has been reported by Gupta et al. [19] and could
sense CH2Cl2. Synthesis of copper oxide nanoparticles using carbon nanotubes as
templates has been reported byWuet al. [20]. Template-free synthesis of copper oxide
has been carried out by using the precipitation method [22]. Simple template-free
synthesis of Cu(OH)2 and CuO nanostructures in a solution phase has been demon-
strated by Mehdizadeh et al. [22]. Nanostructure and microstructures of polypyrrole
have been synthesized by an electrochemical template-free process on a nickel (Ni)
electrode [23].

In recent years, copper oxide nanostructured materials like nanorods [24],
nanowires [25, 26], nanoribbons [27], nanobelts [28], and micro-sheets [29] are
attracting the attention of researchers due to their potential biomedical applications.
The clusters of metallic Cu have been prepared using reverse micelles as microre-
actors [30]. Heterostructures of CuO/polypyrrole (CuO/PPy) and CeO2 polypyr-
role (CeO2/PPy) have been reported using the metal–organic decomposition (MOD)
technique [31]. A variety of CuO nanostructures have been synthesized using high-
temperature (at 393 K and 423 K) approaches like the hydrothermal method. The
flower-like nanostructures of CuO have been synthesized using a hydrothermal
method in a domestic microwave oven [32]. Electrochemical methods of prepa-
ration of Cu NPs have a low environmental impact and are cost-effective as reported
by Saini et al. [33, 34]. Cu2S nanoparticles have been electrochemically synthesized
using cyclic voltammetry [35]. Potentiostatic electrochemical deposition (ECD) of
copper sulfate solution within the nanochannels of porous anodic alumina templates
has been used to fabricate copper nanowires [36]. Nanocomposites of CuO with
multi-walled carbon nanotubes (MWCNT) and metallic Cu have been synthesized
via electrochemical route [37, 38]. The synthesis of Cu8O has been reported by Guan
et al. [39]. The single-crystal X-ray structure of CuO has been determined at 196 K
and room temperature by Asbrink et al. [40]. Electrochemical synthesis of copper
oxide nanoparticles and nanorods has been reported in the literature [41, 42]. The
synthesized nanorods have been studied for photocatalytic activity. Copper oxide
(CuO) has been used for antibacterial application by Ren et al. [43]. Cu NPs have
been studied for antibacterial activities against E. Coli by Raffi and coworkers [44].
Copper nanoparticles have also been reported as antibacterial agents by Mahmoodi
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et al. [45]. The antibacterial activity of copper/C nanocomposites synthesized via the
green route has been reported by Bhavyasree et al. [46].

In the electrochemical synthesis route, copper salt is not used; hence, pure mate-
rials can be synthesized without using any reducing agent. Also, one can synthesize
crystalline materials using the direct electrochemical method. The advantages of
this method are: (i) no need of washing synthesized material with alcohol and (ii)
no need of annealing of sample for a long time. Thus, electrochemical synthesis
follows the principle of green chemistry and is very promising for the synthesis
of materials. The template-free electrochemical method is cost-effective, industri-
ally feasible, and eco-sustainable process. In this paper, the synthesis of Cu/copper
oxide nanoparticles (NPs) by electrochemical reduction using trisodium citrate as a
capping agent is reported. The process is devoid of chemical reducing agents such as
hydrazine hydrochloride, sodium borohydride, amino acids, cetyl trimethyl ammo-
nium bromide, and N-benzyl-N-dodecyl-N-bis(2-hydroxyethyl) ammonium chlo-
ride. The NPs have been characterized using powder X-ray diffractometry (PXRD),
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), trans-
mission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS).
To the best of the authors’ knowledge, the developed protocol (electrochemical
method at constant applied potential) for the synthesis of copper, cuprous oxide,
and cupric oxide NPs is not reported in the literature. These nanoparticles can be
used for photocatalytic and antibacterial activities. Herein the antimicrobial activities
of the synthesized copper/copper oxide NPs against gram positive as well as gram
negative bacteria are discussed.

2 Experimental

2.1 Chemicals and Reagents

All chemicals used for the synthesis were of analytical reagent grade. Trisodium
citrate (TSC, 99%)was purchased fromMerck Limited, India. The coppermetal strip
(99.9%pure, metal basis) was procured fromAlfaAesar, and a Pt strip (99.99%) used
as a reference electrode was purchased from Sinsil International. All other chemicals
were used as such without any further purification. AR grade NaOH was used to
maintain the basic pH of the solution. A DC power supply (Keithley 2231A-30–3
triple channel) was used to synthesize the NPs.

2.2 Preparation of Copper/Copper Oxide Nanostructures

Nanoparticles of copper/copper oxide nanomaterials were prepared with various
concentrations of TSC (50,100, 150, 200, 250 mM) and at various pH values of
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reaction solutions 2.11, 4.22, 6.5, 7.8, 8.5, 13.11 with 2.55 mM of TSC to study the
effect of pH and concentration of capping agent on the morphology of nanoparticles.
The samples prepared at various pH values 2.1, 4.22, 7.8, and 8.5 with 2.55 mM
of TSC and also with the above-mentioned other concentrations of TSC have been
already reported in the literature [33]. So, herein the synthesis of copper/copper oxide
nanostructures using 2.55 mM of TSC and at pH 13.11 is reported. The trisodium
citrate (TSC) capped copper nanostructures (Cu and Cu2O NPs) were synthesized
via electrochemical route at pH 13.11, temperature of 373 K, and applied potential of
6.7 V. The concentration of TSC used was 2.55 mM. The pH 13.11 was maintained
by the addition of 0.1 M of NaOH solution.

The electrochemical cell was formed by immersing the copper strip (anode,
working electrode) and platinum strip (cathode, reference electrode) in 100 mL
solutions of TSC. The TSC was used as the capping agent. Both electrodes were
connected with a DC power supply, and the desired potential (6.7 V) was applied for
a fixed time interval of two hours. The electrolysis of copper was carried out in the
air for copper and copper oxide NPs using an electrochemical cell equipped with a
magnetic stirrer at 450 rpm.The solution turned brownish red in 30min after applying
the set potential in the reaction setup which indicates the formation of Cu/Cu2O NPs
in the electrolyte solution. Then it turned blackish-red indicating the formation of all
three types of NPs (Cu, Cu2O, and CuO) in the electrolytic solution. The particles
started accumulating or depositing at the Pt cathode when the potential was being
applied. As soon as the power supply was stopped, the deposited Cu/Cu2O/CuONPs
got stripped off from the cathode in the form of precipitate and settled down at the
bottom of the electrochemical cell. The precipitate was then filtered with Whatman
filter paper number 42 and was washed several times with deionized water and then
dried under vacuum. The powder was collected and used for further characterization.

2.3 Materials Characterization

Powder X-ray diffraction (PXRD) pattern of the dried powder was recorded using
Bruker D8 Advance diffractometer equipped with Ni-filter and Cu Kα radiation. The
data was collected in the 2θ range of 10–70° with a step size of 0.02° and a step time
of 1 s. The surface morphology was studied by transmission electron microscopy
(TEM) by using Tecnai G2 F 20 TWIN TMPSeries microscope, Model FEG 200 kV.
A carbon-coated copper grid was used for getting the TEM images of NPs. A freshly
sonicated solution of 5μLwas spread with a 10μL pipette on the carbon-coated side
of the copper grid and dried under a bulb. Scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS) (JEOL JSM 6610 model no. at 20 kV) was
used to obtain the morphology and composition of the synthesized powder. X-ray
photoelectron spectroscopy (XPS, Omicron Nanotechnology, monochromatized Al,
1486.6 eV) was performed with XPS instrument having several features (ESCA +
Omicron Nano Technology: Small spot XPS for high-speed depth profiling, Dual
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Beam Charge Neutralization + Fully integrated Software Control and Automation,
Rapid Quantification within Multipak or CASAXPS).

2.4 Antibacterial Activities

The antibacterial potential of Cu/Cu2O/CuO nanoparticles against the pathogens,
viz. Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Strepto-
coccus pneumoniae, was evaluated by broth dilution method [47]. A stock solution
of 2mg/mL of nanoparticles was prepared by dispersing them in pre-sterilized deion-
ized water by ultra-sonication. The varying concentrations ranging from 0.2 μg/mL
to 200 μg/mL were prepared from stock solution and were added to the test tubes
containing varying amounts of sterile Luria Bertani broth [48]. 50 μL of overnight
culture (0.5 McFarland turbidity standards) of test pathogens was added to these
tubes aseptically. The tubes were incubated at 37 °C for 24 h. The bacterial cultures
without any test solution and the tubes with only sterile media were kept as posi-
tive and negative controls, respectively. The results were recorded by measuring the
optical density of the inoculated broth at 600 nm. Minimum inhibitory concentration
(MIC) was recorded as the lowest concentration of the test sample inhibiting the
growth of the inoculated test pathogen.

3 Results and Discussion

During the electrochemical reduction, Cu/Cu2O/CuO is formed following the nucle-
ation of the NPs by electrochemical reaction followed by the growth process. When
the potential is applied, copper anode first gets oxidized into + 2 oxidation state.

Cu → Cu2+ + 2e− (1)

This Cu2+ species in the presence of citrate capping agent and applied potential
reduces back to Cuo oxidation state (i.e., nucleation). The formation of copper oxides
depends upon the applied potential, temperature, pH, and type of atmosphere (inert
N2/Ar/air). The formed nuclei are of different shapes of the NPs. The Cuo nuclei
then undergo a growth process to generate NPs. The growth process is controlled
by the diffusion of growth species which in turn depends upon the concentration of
trisodium citrate.
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3.1 Powder X-ray Diffraction (PXRD) Analysis

The XRD pattern of the synthesized Cu/Cu2O/CuO nanoparticles is shown in Fig. 1.
The 2θ values at 43.65° and 50.43° correspond to (111) and (200) planes of cubic
(face-centered) Cu (JCPDS, PDF, File No. 04–0836) phase. The other peaks at 2θ
values of 32.49, 38.97, 47.29, 49.55, 51.40, 53.81, 58.39, 63.41, and 66.53° corre-
spond to planes (110), (111), (-112), (-202), (112), (020), (202), (-113), and (022),
respectively, match the monoclinic CuO (JCPDS, PDF, File No. 41–0254, 45–0937
and 80–1917) as reported in the literature [34, 35]. Herein, all three JCPDS file
numbers are given for CuO nanoparticles. The other peaks at 2θ values of 33.08,
38.52,41.45, 44.74, 49.31, 51.67, 53.78, and 58.63° corresponding to planes (103),
(004), (014), (220), (024), (105), (214), and (303) belong to copper oxide as reported
by R. Guan [39] [(JCPDS, PDF, File No.78–1588)]. No impurity diffraction peaks
have been detected which confirms the high purity of the product obtained by this
method. The observation of diffraction peaks intensity for all the CuO nanoparticles
indicates their high crystallinity. The intensity of peaks for primitive Cu2O NPs at 2θ
values 29.7°(110), 36.6°(111), 42.4°(200), and 61.4°(220) is found to be extremely
low which shows that these NPs are less crystalline than the CuO NPs. It means
PXRD analysis of the reaction products obtained at basic pH conditions does not
contain pure CuO phase as reported by Nikam [49]. Based on XRD, it is clear that
the peak intensity of CuO is found to be more as compared to Cu2O and Cu NPs,
respectively.

Fig. 1 Powder XRD pattern
of Cu/Cu2O/CuO
nanoparticles with 2.55 mM
trisodium citrate at 6.7 V,
and at pH 13.11
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Fig. 2 EDS of the synthesized Cu/Cu2O/CuO nanoparticles

3.2 EDS and TEM Analyses

TheEDSof the synthesized nanoparticles is shown in Fig. 2. TheEDSdata confirmed
the formation of copper/copper oxides nanoparticles. The atomic ratios of oxygen
and copper were found to be 59.52 and 40.48%, respectively.

The sonicated aqueous solution of NPs was used for analyzing the morphology of
the synthesized sample. Figure 3a–f shows the TEM images of Cu/Cu2O/CuO NPs
obtained at pH 13.11. These micrographs show different shapes of the nanoparticles
such as leaf or feather, spherical, block-type, and rod-shaped. The leaf-shaped or
feather-shaped particles have a length in the range of 5.24μm and width in the range
of 323 nm as shown in Fig. 3a. The block-type particles having one dimension as
135 nm as shown in Fig. 3b, c demonstrate the presence of all types of NPs with
bigger sizes of rods having the dimension of 3.41 μm (length) and 125 nm (width).

The rod-shaped particles have a length of 205 nm and a width of 27.9 nm as
shown in Fig. 3d. The spherical particles are also deposited on the surface of rods
(Fig. 3d). The shape of spherical particles varies from 11.5 nm to 43.5 nm as shown
in Fig. 3d–f and shows that some particles are agglomerated in a specific manner.

3.3 X-ray Photoelectron Spectroscopy (XPS) Analysis

XPSwas used to determine the oxidation states and the surface chemical composition
of the synthesized nanoparticles. Figure 4 shows the XPS spectra of the electrochem-
ically synthesized Cu/Cu2O/CuO NPs at applied potential of 6.7 V and pH of 13.11.
The analysis of XPS peaks confirms the formation of a mixture of cuprous oxides
(Cu2O) and cupric oxides (CuO), respectively. Figure 4 demonstrates the decon-
voluted XPS spectra of the Cu 2p core level. Doublet peaks positioned at binding
energy of 932.43 eV and 952.72 eV in Cu2O corresponding to Cu 2p3/2 and Cu 2p1/2,
respectively. While the other doublet peaks are assigned corresponding to Cu 2p3/2
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Fig. 3 TEMofCu/Cu2O/CuO nanoparticles exhibiting variousmorphologies of the nanostructures

and Cu 2p1/2 in CuO at binding energy of 934.83 eV and 954.73 eV, respectively. The
satellite peaks at 940.01 and 944.25 eV correspond to Cu 2p3/2 and Cu 2p1/2 in CuO
and indicate the existence of an unfilled Cu 3d shell. The peak is assigned at a binding
energy of 531.66 eV corresponding to O 1 s, and the calibration peak is obtained
corresponding to C1s at binding energy of 288.50 eV and 284.97 eV, respectively.
The obtained XPS data match well with the reported data in the literature [50–52].
Copper in CuO exists in the + 2 state with 3d9 configuration, while Cu2O exists in
+ 1 state with 3d 10 configuration as reported in the literature [53].

From the XPS results, we can estimate the ratio of Cu2O and CuO on the basis
of peak area. The fitting of high-resolution spectra of elements helps to quantify the
ratio of oxidation states. The area ratio of CuO and Cu2O is 7.3: 1. It is quite difficult
to distinguish only Cu metal because of the similar binding energy of Cu and Cu(I)
oxide. The peak position is in agreement with the reported literature [54, 55]. The %
ratio of Cu/Cu2O/CuO in the mixture of synthesized material with XPS study was
not possible.

Based on XPS peak-fit values of the Cu 2p core level measured on the surface
of the synthesized NPs, the predominant phase was found to be CuO NPs and
having adsorbed oxygen on the surface which can enhance its catalytic activity.
This adsorbed oxygen can be used to enhance the photocatalytic and antibacterial
activities.
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Fig. 4 Cu, O, and C XPS peaks of Cu/Cu2O/CuO nanoparticles synthesized from electrochemical
route using 2.55 mM trisodium citrate at pH 13.11, 6.7 V at 373 K

3.4 Antibacterial Activity

It is well known that the CuO NPs show significant antibacterial activity against
gram negative and gram positive bacteria. Herein, the antimicrobial activities of
Escherichia coli (E.Coli) and Pseudomonas Aeruginosa have been studied. These
are gram negative bacteria. The antimicrobial activities on Staphylococcus Aureus
and Streptococcus Pneumoniae which are gram positive bacteria have also been
studied. This study has been carried out using the broth dilution method. A higher
value of minimum inhibitory concentration (MIC) indicates that a higher concentra-
tion of NPs is required to inhibit bacterial growth. The synthesized Cu/Cu2O/CuO
nanoparticles do not affect the growth of Pseudomonas Aeruginosa. It means no
inhibition (NI) of bacterial growth, as evident from Table 1. The MIC values were
155μg/mL forE.Coli and 150µg/mL for Staphylococcus Aureus aswell as for Strep-
tococcus Pneumoniae. These synthesized NPs show no inhibition on the growth of
Pseudomonas Aeruginosa. These results are in good agreement with the reported
results in the literature [56].
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Table 1 Antibacterial
activities of Cu/Cu2O/CuO
nanoparticles with minimum
inhibitory concentration
(MIC, in μg/mL)

Isolates Cu/Cu2O/CuO (MIC in μg/mL)

Escherichia coli (E. Coli) 155

Pseudomonas aeruginosa No inhibition

Staphylococcus aureus 150

Streptococcus pneumoniae 150

4 Conclusions

The electrochemical reduction behavior of copper ions, as well as its nucleation and
growth on a platinum electrode, has been studied in the aqueous solution of TSC. The
copper electrode is the source of copper + 2 ions, and subsequently, it reduces to Cu
at the platinum electrode and in a solution of 2.55 mM TSC having pH 13.11 in the
electrochemical cell. In a basic medium, these Cu NPs again oxidize into Cu2O and
CuO, respectively. The PXRD and EDS analysis confirmed the formation of both
types of oxides. The XPS analysis showed the peak area ratio of CuO and Cu2O as
7.3: 1

Both electrode potential and temperature play an important role in tuning the
nucleation and growth kinetics and also in controlling the final morphologies of
copper nanoparticles. The obtained images from TEM reveal the exact shape and
size of synthesized NPs. This is a special and unique case of one-step template-free
synthesis, in which we have obtained four different morphologies of NPs. These
synthesized NPs show very good antimicrobial activities against E.Coli, Staphylo-
coccus Aureus, and Streptococcus Pneumoniae. The MIC values of Cu/Cu2O/CuO
nanoparticles have been found from 150 μg/mL to 155 μg/mL for inhibiting the
growth of the above-mentioned bacteria.

The electrochemical synthesis is a novel technique that is simple and environment-
friendly than the conventional chemical reduction methods. Thus, the electrochem-
ical synthesis is an ideal process as it consumes less energy and has a high output
(yield 80–90%) and easy to control the process parameters.
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Facile Fabrication of Stable
Superhydrophobic and Conductive
Carbon Black Coating

Edna Richard and S. T. Aruna

1 Introduction

Carbon-based superhydrophobic materials perform as excellent candidates for water
filtration, oil–water separation, oil-spill cleanup, gas separation, etc. [1]. Some
research groups even extended the application of carbon-based superhydrophobic
surfaces for preparing conductive transparent films and also for electromagnetic inter-
ference shielding [2–4]. Sansotera et al. [5] used linear perfluoropolyether (PFPE)
peroxide for the chemical linkage of fluorinated PFPE chains on the surface of carbon
cloth and commercial conductive carbon black tomake it superhydrophobic.Conduc-
tivity measurements showed that the covalent linkage of fluorinated chains weakly
modified the electrical properties of the conductive carbon black, even when the
surface properties changed. Shen et al. [6] fabricated superhydrophobic conductive
Ketjen black-high density polyethylene (HDPE) surface by a single-step pressing
method where the fillers were pressed into the polymer surface leaving it partially
exposed to form a high static water contact angle (WCA) of 160º. Das et al. [3]
presented a method to prepare a superhydrophobic polymeric surface using carbon
nanofibers as fillers. The effectiveness of the coatings as electromagnetic interference
(EMI) shieldingmaterials was explored for the first time. A static water contact angle
of 158º with high electrical conductivity of 309 S/m was obtained for the substrate
with an EMI shielding effectiveness up to 25 dB in the X-band (8.2–12.4 GHz).
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Bao et al. [2] tailored the morphology of raspberry-like superhydrophobic carbon
black-polystyrene colloidal suspension by adjusting the polarity and the concentra-
tion ratio of the filler polymer suspension. Mittal et al. [7] fabricated water-repelling
mesoporous carbon nanocapsule (MCC)/polyvinylidene fluoride (PVDF) film by a
facile solution approach. The electrically conducting film exhibited a water contact
angle of 160º and a sliding angle of 5º. The films also exhibited high thermal stability
up to 350 ºC in the oxidative atmosphere and also retained superhydrophobicity at
highly corrosive acidic and basic conditions. Caffrey et al. [8] produced an elec-
trically conducting superhydrophobic poly(dimethylsiloxane) (PDMS) surface by
addingmultiwall carbon nanotubes. Themicrostructure/nanostructurewas replicated
onto the polymer surface using an ultrafast laser micro-texturing process to obtain
a WCA of 161º without any additional coating. An improvement in the conduc-
tivity was observed by controlling the amount of MWCNT added to PDMS, and
at a bulk loading of 5 wt %, there was an improvement in conductivity over pure
PDMS. Asthana et al. [9] prepared superhydrophobic and superoleophobic coatings
by drop-casting suspensions with different kinds of carbon nanoparticles in combi-
nation with a fluoropolymer suspension on a glass substrate as well as on Whatman
filter paper. The ability of the coatings to resist dynamic water impalement and elec-
trical conductivity was also evaluated. The coatings containing a 1:1:2 ratio of carbon
black: graphene nanoparticles: polymer showedboth excellent impalement resistance
and electrical conductivity [9]. Tian et al. [10] developed superhydrophobic silicone
rubber using a variety of particles with dissimilar features, such as SiO2, copper,
BaTiO3, carbon black for imparting roughness to the silicon rubber matrix.

The objective of the present study is to fabricate superhydrophobic conductive
carbon black surfaces on both glass substrate and cotton fabric. A very few studies
are available on carbon black superhydrophobic surfaces. Carbon black being a
promising candidate due to its physicochemical properties and conductive naturewas
used in the present study to impart roughness and to produce a conductive super-
hydrophobic surface. The fluorosurfactant was used to impart low surface energy
and to improve the adhesion of the coating. The stability of the superhydrophobic
carbon black coating with respect to pH, temperature, and water immersion was also
studied. Further, the possibility of using carbon black superhydrophobic cotton fabric
to separate petroleum ether water mixture is also investigated.

2 Experimental

The carbon black (CB) used in thisworkwas a commercially available conductiveCB
(Raven 430 ultra from Columbian carbon Black, USA) with a particle size of 82 nm
and a surface area of 31 m2/g. Zonyl, the fluorosurfactant used in the present study,
was purchased from Rishichem Private Ltd. and absolute ethanol was purchased
from Merck.

The superhydrophobic conductive carbon black coatings were prepared as
follows: 0.1 g of CB was dispersed in 5 mL ethanol by ultrasonicating for 30 min.
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Then 5 mL of 1% zonyl was added to it and carefully stirred. The coatings on glass
slides were prepared by spraying the solution on clean dry glass slides using a spray
gun with a compressed air pressure of 20 ± 5 psi. The superhydrophobic cotton
fabric was prepared by immersing the cleaned fabric (2′′ × 2′′) in the above fresh
solution and padded it with a glass rod on either side for 10 min. Both the fabric
and the coating on glass slides were allowed to dry at room temperature and then
heated at 100 °C for 1 h to expel the trapped solvent. The unmodified coatings were
prepared without the zonyl surfactant for comparison. The schematic depicting the
preparation of superhydrophobic conductive carbon black coating on the glass slide
is shown in Fig. 1.

The surface morphology of the superhydrophobic coatings and the fabrics was
examined under secondary electron mode using a field emission scanning electron
microscope (FESEM, Carl Zeiss, Supra 40 VP) equipped with an energy dispersive
X-ray analysis (EDX) system. Water contact angles (WCA) of all the coatings and
the fabrics were measured using a contact angle analyzer (Phoenix 300 Plus from
M/s Surface Electro Optics). The tangent fitting mode was used in this instrument
for the determination of WCA. The volume of Milli-Q water drop was 8 μL in the
study. Five measurements of WCA on the coatings were taken, and the mean value
was reported. Water sliding angle (SA) measurements were made using a simple
in-house fabricated setup consisting of a smooth and planar platform on which the
sample can be fixed. The angle at which the water drop slides was measured by using
a protractor attached to the instrument. The adhesion of the coatings was measured

Fig. 1 Schematic depicting the steps involved in the preparation of superhydrophobic conductive
carbon black coating
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using a cross-hatch cutter, Model Elcometer 107 according to the ASTM D3359-02
standard test method. Fourier transform infrared (FTIR) spectra were recorded on
Bruker Alpha-P spectrometer. The surface roughness of the fabrics was measured
by using a 3D profilometer (Nano Map 500LS from AEP Technology). To check
the stability of the coatings in water, the coatings were immersed in double distilled
water, taken out periodically at regular intervals (1 day), dried at room temperature
for 30 min, and WCA and SA were measured. The conductivity of the coatings was
measured by DC four-probe conductivity using Keithley multimeters.

A mixture of petroleum ether (PE) and water (dyed with methyl blue for easy
observation) in different ratios ranging from1:4 to 1:3 (water/petroleumether volume
ratios) was poured onto the superhydrophobic carbon black fabric that was fixed on
a funnel placed over a conical flask. Only the PE could pass through the fabric and
water stayed on the surface. The gravity-driven separation was over within 10 min.
The water was then collected and weighed to calculate the separation efficiency (η)
which is defined as the ratio of the weight of water collected to that initially added
as given by the equation shown in [11, 12]:

η =
(
m1

m0

)
× 100

wherem0 andm1 are the masses of the water before and after the separation process,
respectively.

3 Results and Discussion

3.1 Surface Microstructure

The FESEM surface microstructure of the unmodified and the modified carbon
black coatings is shown in Fig. 2. A large number of particles aggregate with non-
homogeneous pores are observed for the carbon black coating on the glass substrate
without any modification (Fig. 2a), and the WCA of this smooth unmodified coating
was around 129°. Moreover, these pores were capable of producing roughness while
entrapping the air into its cavities to make it hydrophobic without any modification.
Asthana et al. [9] noticed hydrophilic functional groups on the surface of carbon black
as detected from the FTIR spectrum. This prevents the unmodified carbon black to
attain superhydrophobicity. Figure 2b shows the FESEM image of the carbon black
coating modified with a low surface energy fluorosurfactant (zonyl 8740). With the
use of surfactant, the number of pores will reduce as the surfactant partially fills the
pores and anchors the particles well to each other as well as to the glass substrate.
Thus, apart from rendering low surface energy to the surface, the surfactant acts as a
suitable matrix for holding the carbon black nanoparticles firmly. A smooth coating
of zonylwas hydrophobicwith aWCAof 102º. But after introducing the carbon black
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Fig. 2 FESEM images of the surfaces of a unmodified CB and b CB/Zonyl coating (6 kX (inset
25 kX))

fillers, it turned superhydrophobic with aWCA of 157º. Hence, superhydrophobicity
is attributed to the combined effect of the roughness produced by the agglomerated
fillers as well as the low surface energy rendered by the fluorosurfactant.

Figure 3a reveals the particle size of the carbon black nanoparticles, and it is seen
that the particle size ranges from 50–100 nm. Figure 3b–d shows the FESEM surface
morphologies of the cotton fabric immersed in the carbon black–zonyl mixture for
10 min. The figure shows the surface FESEM image of the modified cotton fabric.
Figure 3b shows an even surface coverage with a uniform density of carbon black
nanoparticles coating the yarns of the fabric. This shows that immersing the fabric
in the solution for 10 min is sufficient to uniformly coat the fabric with the modi-
fied carbon black nanoparticles. Figure 3c shows a magnified image displaying the
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Fig. 3 FESEM images of a carbon black particles (100,000 X) and b, c, d modified superhy-
drophobic CB fabric at different magnifications b 120 X c 1000 X and d 10,000 X

uniform distribution of particles across every yarn. Even though the macro-yarns
induce a regular surface roughness, the agglomerated particles carrying the pores on
each yarn still enhance the overall surface roughness adding to its ability to trap more
air. The yarns carrying the uniform conductive particles (Fig. 3d) overlap with each
other that will add to the overall conductivity of the fabric. Similar morphologies
have been reported for fluorinated carbon black nanocomposite coating [5].

3.2 The Effect of Fluorosurfactant on WCA of the Modified
CB

The WCA of the coatings with different concentrations of the fluorosurfactant was
studied as shown in Fig. 4. The WCA of smooth unmodified carbon black on a glass
substrate with a thickness of 12 μm was around 129° which increased to 153 ± 2º
after modification with 1% ethanolic solution of fluorosurfactant. On this surface,
the measurement of sliding angle showed a value less than 2°. The WCA of the
coatings with different volume % of the fluorosurfactant remained greater than 150°
for all the concentrations up to 10% fluorosurfactant. The highest WCA of 155º was
observed for the coating modified with 5% zonyl solution. The water sliding angle
was also less than 2º for all the measurements. All the coatings were oleophilic.
Previously, Lakshmi et al. [13] had reported a significant increase in oleophobicity
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Fig. 4 Effect of
fluorosurfactant
concentration on WCA of
the CB/zonyl coating

with an increase in the concentration of zonyl using silica as fillers. In the present
work, the oleophilicity can be attributed to the presence of hydrophilic moieties on
the surface of the carbon black as well as its porous nature.

The adhesion of unmodifiedCB coating to glass substrate was 0Bwhich improved
to 2B after modification with the 1% zonyl solution. The adhesion to glass substrate
was further improved and remained constant at a value of 4B with an increase in
the volume concentration of zonyl (5%) (Fig. 5). The non-adhesive behavior of the
surface is evident in Fig. 5a. The water drop placed on the CB coating modified
with 5% zonyl solution showed no signs of adhesion of water droplets on its surface
(Fig. 6).

Fig. 5 Photographs of coatings a before and b after tape peel test c inset shows lattice (4B) obtained
after the tape peel off test
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Fig. 6 Images depicting the non-adhesive behavior of awater drop on the superhydrophobic carbon
black coating modified with 5% zonyl solution

3.3 Effect of Temperature on Superhydrophobic CB Coating

In order to study the thermal stability of the coating, the modified CB coatings with
12 μm thickness were subjected to heat treatment from room temperature to 250ºC
and the WCA of the coatings were measured and are shown in Fig. 7. It is seen
that the surface is close to superhydrophobic with a WCA of 142º before the heat
treatment. The heat treatment at 100ºC expelled the solvents so as to achieve super-
hydrophobicity with a WCA of 157º. Further, the WCA remained almost constant
till 200ºC after which it showed a decrease and reached to 112º at 250ºC. This is
attributed to the stability of fluorosurfactant which is only stable up to 200ºC, and
above this temperature, the surfactant starts to decompose.

Fig. 7 Effect of heat
treatment on WCA of the
modified carbon black
coating with zonyl
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3.4 Stability of the Superhydrophobic CB Coating in Water

The effect of water immersion on WCA of modified CB coatings is shown in Fig. 8.
It is observed that the modified CB coating retains superhydrophobicity even after
immersion in water for 5–6 days. After 4 days of continuous immersion, the super-
hydrophobicity starts decreasing. The reducedWCA after 4 days of water immersion
may be due to the dissolution of water-soluble zonyl surfactant in water.

The contact angle on the carbon black superhydrophobic surface with different
pH (1–13) liquids was measured in order to study the stability of the coating under
a corrosive environment. Figure 9 shows that the contact angle was above the
superhydrophobic threshold for acidic as well as basic pH ranges.

Fig. 8 a Effect of water immersion on WCA of the carbon black coating and b plastron layer
formed on the surface of modified coating during water immersion

Fig. 9 Effect of pH on
WCA of the modified carbon
black coating
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3.5 Effect of Coating Thickness on Surface Roughness
and Superhydrophobicity

The thickness of the coating has a great influence on the roughness as well as on the
wetting of the superhydrophobic coating because the thickness is a measure of the
number of nanoparticles loaded on the surface. Figure 10 shows the 3D profiles of
the coatings with different coating thicknesses. An average roughness of 1866 nm
is observed for a surface with a coating thickness of 12 μm. It is apparent that
the sample roughness slightly increased with the coating thickness which could be
roughly controlled by the number of spray passes sprayed over the glass slides.
This rise is mainly due to the aggregation of CB nanoparticles. With increase in
coating roughness, the WCA of the coatings increases. This tendency confirms the
behavior of hydrophobic surfaces, showing an increase in water contact angle with
an increase in surface roughness. Without any CB nanoparticles, the zonyl coating
shows weak hydrophobicity with aWCA of 102°. With the increase in the number of
spray passes (CB loading), the roughness of the coating increases making the surface
superhydrophobic with a WCA of 157º.

Fig. 10 3D profiles showing the effects of roughness of the CB coatings on WCA as a function of
the coating thickness a 9 μm, b 10 μm, c 12 µm, and d 13 μm
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Fig. 11 FTIR spectrum of
CB/zonyl composite coating

3.6 FTIR Spectrum of the CB/Zonyl Coating

The FTIR spectrum (Fig. 11) of the superhydrophobic coating shows an absorption
band at 3232 cm −1 corresponding to the presence of traces of moisture in the fabric.
It can be attributed to the stretching and bending vibration of either free OH groups
or free H2O molecules. The peak at 2898 cm−1 is assigned to –C-H vibrations. The
peak at 1582 cm−1 is due to the vibrations of CF3-CF2 groups. The peak at 1737 cm−1

corresponds to the C = O group of the methacrylate group of the fluorosurfactant.
The peak at 1400 cm−1 is attributed to symmetric stretching of COO− on the surface
of carbon black stretching.

3.7 Conductivity of the CB/Zonyl Coating

The resistivity of the superhydrophobic carbon black coating with a thickness of
12μm and a resistance of 7.53 k�was calculated to be 0.2�cm. The corresponding
conductivity was 5 Scm−1. The resistivity of a carbon black coating without any
modification was found to be 0.1�cm, and its corresponding conductivity measured
was 10 Scm−1. This clearly indicates that after chemical modification of CB with
fluorosurfactant, the conductivity of CB coatings was slightly lowered.

3.8 Separation of Petroleum Ether and Water

As shown in Fig. 12, when a mixture of petroleum ether (PE) and water (dyed with
methylene blue for easy observation) was poured onto the superhydrophobic fabric,
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Fig. 12 a Mixture of petroleum ether and water dyed with methylene blue for easy observation b
and c water dyed with methylene blue held on the surface

Table 1 Calculated
separation efficiency (η)
values for different
water/petroleum ether ratios

Total volume (mL) Water/Petroleum ether
(Volume ratio)

Separation
efficiency (η)
(%)

20 1:4 97

20 1:3 98

20 1:1 85

20 3:1 75

20 4:1 68

only the PE could pass through the fabric and water was held on the surface. The
water was collected and weighed to investigate the separation efficiency. The results
are listed in Table 1. The separation efficiency is >97% for water/petroleum ether
volume ratios ranging from 1:4 to 1:3. The stability of the superhydrophobic fabric
can provide more opportunities for many practical applications.

4 Conclusions

A cost-effective and conductive superhydrophobic coating was fabricated on a glass
substrate by spraying a mixture of carbon black and a fluorosurfactant. The coating
was stable for a wide range of pH, and it also withstood the water immersion test
for more than 5 days. The conductivity of the coating was measured by a four-
point probe method, and it was found that the conductivity decreased with the
surface modification. Finally, a stable superhydrophobic cotton fabric modified with
carbon black–zonyl mixture was used to separate the water/petroleum ether mixture
effectively.
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Green Synthesis and Characterization
of Zinc Ferrite and Lanthanum- Doped
Zinc Ferrite

Chikkappa Udagani , H. R. Mahalakshmi, N. Kumar Govind,
and J. Keerthiveni

1 Introduction

Zinc ferrite belongs to a class of spinel ferrite. The general formula of spinel ferrite is
MFe2O4 (whereM is a divalent metal ion). In spinel ferrite, M2+ and Fe3+ occupy the
tetrahedral (A) and octahedral (B) interstitial sites of the fcc lattice formed by O2−
ions, respectively [1, 2]. The unit cell of a spinel ferrite consists of eight divalentmetal
ions, 16 trivalent ions, and 32 oxygen atoms [3]. The magnetic ferrites are useful in
a variety of fields such as gas sensing [4, 5], diagnostic medicine [6, 7], data storage
[8, 9], and transformer cores [10]. The ferrites are essential inductive components in
electronic circuits such as filters, low-noise amplifiers, voltage-controlled oscillators,
and impedance matching networks. In recent days, zinc ferrite (ZnFe2O4) and its
composites are drawing greater attention due to their wide range of applications. The
zinc ferrite is used in commercial applications such as magnetic resonance imaging
(MRI), Li-ion batteries [11], and gas sensors [12]. The zinc ferrite (ZnFe2O4) seems
to be an ideal candidate to use as a softmagnet and low lossmaterial at high frequency
[13]. The doping of rare-earth metal ions would change the texture of magnetic
ferrites [14]. Due to the high electrical insulation property of rare-earth materials,
the inclusion of rare-earth ions could alter the magnetic and electrical properties [15,
16]. Due to the excellent applications of zinc ferrite and its nanocomposites, zinc
ferrite and lanthanum-doped zinc ferrite have been prepared by the green synthesis
route.

In recent years there is a great interest in preparing nanoparticles using
biomolecules as it is cost-effective, the input energy for synthesis is less and the
precursors used are nontoxic. It is also known to reduce particle aggregation. In the
present study, ZnFe2O4 and lanthanum-doped ZnFe2O4 nanoferrites were prepared
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using biomolecules extracted from Tulsi (Ocimum sanctum) leaf extract. To under-
stand the electrical behavior of the synthesized ZnFe2O4 and lanthanum-doped
ZnFe2O4 nanoferrites, the DC conductivity measurement was also carried out.

2 Experimental

2.1 Preparation of ZnFe2O4

The chemicals used in the present study were analytical grade zinc nitrate hexahy-
drate [Zn (NO3)2.6H2O], iron nitrate [Fe(NO3)3.9H2O], and lanthanum nitrate
[La(NO3)2.6H2O]. The Tulsi leaf extract was used as a reducing agent for the
synthesis of ZnFe2O4 and lanthanum-doped ZnFe2O4 nanoferrites. The Tulsi
(Ocimum sanctum) leaves were collected locally, first washed with tap water and
then with distilled water. The leaves were dried in a cool place for seven days. The
dried leaves were then ground to powder using a pestle and mortar. About 4 g of
Tulsi leaf powder was weighted using an electronic balance and added to 100 mL
of distilled water and the mixture was stirred well using a magnetic stirrer for 1 h
at 50 °C. The leaf extract was filtered using filter paper and pure leaf extract was
obtained. The pH of the obtained leaf extract was about 6.5. The pH plays an impor-
tant role in controlling the morphology and yield of nanoparticle synthesis. About
1.070 g of zinc nitrate and 3.232 g of iron nitrate were added to the leaf extract. The
solution was stirred using a magnetic stirrer and a few drops of ammonia solution
were added to adjust the pH between 7 and7.5 and the stirring was continued at
90 °C until all the water evaporated completely. Finally, the product was heated at
250 °C in a laboratory oven to facilitate a self-propagating combustion reaction of
redox mixture to form crystalline ZnFe2O4. The steps involved in the synthesis of
ZnFe2O4 and lanthanum-doped ZnFe2O4 are shown in Fig. 1.

2.2 Preparation of lanthanum- Doped ZnFe2O4

About 4 g of Tulsi leaf powder was added to 200mL of distilled water and was stirred
using a magnetic stirrer for 1 h at 50 °C. The mixture was filtered using filter paper
and to get pure leaf extract. About 1.070 g of zinc nitrate, 3.232 g of iron nitrate,
and 0.057 g (5 wt% relative to zinc nitrate) lanthanum nitrate were added to the leaf
extract and finally, ammonia solution was added to maintain the pH between 7 and
7.5. The stirring was continued at 90 °C until the water is evaporated completely.
The final product was heated at 250 °C and crystallized lanthanum-doped ZnFe2O4

was obtained as the combustion product.
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Fig. 1 Schematic showing the steps involved in the synthesis of zinc ferrites

2.3 Characterization

The phase purity of the powders was checked using an X-ray diffractometer (XRD,
Bruker D8 Advance) and Expo-2014 crystal structure solution. The full width at half
maxima (β) was estimated using Fityk software [17]. The crystallite size was found
from substituting the value of β in the Scherrer‘s equation:

D = K × λ

β × cos θ

where D—Average crystallite size (nm); K—Scherrer constant. K varies from
0.68 to 2.08. K = 0.94 for spherical crystallites with cubic symmetry; λ-X-ray
wavelength; β- FWHM (Full width half maximum) obtained from XRD peak.

The FTIR analysis of ZnFe2O4 and lanthanum-doped ZnFe2O4was carried out
using a Bruker FTIR spectrometer. The DC conductivity study was carried out with
the four-probe setup (Mars Edpal Pvt (Ltd), India) and constant current power supply
(SES instruments, India). For the DC measurement, the nanoferrite powder was
ground into a fine powder using mortar and pestle. The ground fine powder of nano-
ferrite was pelletized using a hydraulic press at a pressure of 2 tons. The nanoferrite
pellet was cut into a square shape using a sharp razor. The square-shaped pellet was
then polished smoothly for good electrical contact. The four-probe setup consists
of four equally spaced spring-loaded pen-type probes with a spacing of 0.2 cm.
The pellet under study was placed in between a thin mica sheet and the probes.
The four-probe setup was manually adjusted with gentle pressure. The current and
voltage were measured using digital multimeters. The DC measurement was carried
out within the temperature range of 318–473 K while cooling.
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3 Results and Discussion

3.1 X-Ray Diffraction Analysis

Figure 2 shows the XRD pattern of ZnFe2O4.The figure shows major XRD peaks
at 2θ values of 30.26, 35.64, 37.28, 43.32, 53.75, 57.30, 62.93, 71.41, 74.47 and
75.48°. The XRD pattern matches well with the patterns reported in the literature
[18, 19]. Figure 3 shows the XRD indexing for lanthanum-doped ZnFe2O4. The
figure shows major XRD peaks at 2θ values of 30.17, 35.54, 37.18, 43.19, 47.29,
53.59, 57.13, 62.74, 71.18, 74.23 and 75.23°. The 2θ values, interplanar spacing (d),
Miller indices, (h, k, l) and lattice constant (a) obtained for ZnFe2O4 on the basis
of XRD data and Expo-2014 are summarized in Table 1 [20]. In Table 2, 2θ values,
interplanar spacing (d), Miller indices, (h, k, l) and lattice constant (a) are listed for
lanthanum-doped ZnFe2O4 on the basis of XRD data and Expo-2014. The values of
(h, k, l), d-spacing, and lattice constant obtained by indexing the XRD data using
the Expo-2014 reveal the formation of cubic spinel structure for both ZnFe2O4 and
lanthanum-doped ZnFe2O4.

The Fityk analysis was made with the main XRD peak at 2θ = 35.42°. Figure 4
shows the Gaussian fit to the XRD peak at 2θ = 35.42° for ZnFe2O4 and Fig. 5
shows the Gaussian fit to the XRD peak at 2θ = 35.38° for lanthanum—doped
ZnFe2O4. From the Fityk analysis, the full width half maximum (β) was estimated
to be 0.409041 for ZnFe2O4 and 0.286329 for lanthanum-doped ZnFe2O4. The crys-
tallite size of ZnFe2O4 was found to be 21.31 nm and for lanthanum-doped ZnFe2O4

it was found to be 30.43 nm.
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Fig. 2 XRD pattern of ZnFe2O4
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Fig. 3 XRD pattern of lanthanum-doped ZnFe2O4

Table 1 The interplanar spacing, miller indices, and lattice constant obtained for ZnFe2O4

Two theta Interplanar spacing, d(Ǻ) Miller indices Lattice constant, a(Ǻ)

h k l

30.25908 2.95124 2 2 0 8.34737

35.64296 2.51683 3 1 1

37.28486 2.40968 2 2 2

43.32182 2.08684 4 0 0

53.75302 1.70390 4 2 2

57.30441 1.60645 5 1 1

62.93360 1.47562 4 4 0

71.41093 1.31983 6 2 0

74.47334 1.27296 5 3 3

75.48364 1.25841 6 2 2

3.2 FTIR Analysis

The FTIR absorption spectra of the synthesized ferrite samples are shown in Figs. 6
and 7. The characteristics absorption peak at 603 cm−1 for ZnFe2O4is attributed to
Fe–O vibration of regular spinel sample and the characteristics absorption peak at
404 cm−1 for ZnFe2O4 is attributed to Zn–O vibration of spinel ferrite sample [21,
22]. The characteristics absorption peak at 557 cm−1 for lanthanum-doped ZnFe2O4

is attributed toFe–Ovibration of regular spinel sample. The characteristics absorption
peak at 423 cm−1 for lanthanum-doped ZnFe2O4 is attributed to Zn–O vibration of
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Table 2 The interplanar spacing, miller indices, and lattice constant obtained for lanthanum-doped
ZnFe2O4

Two theta Interpalanr spacing, d(Ǻ) Miller indices Lattice Constant, a(Ǻ)

h k l

30.17132 2.95962 2 2 0 8.37108

35.53862 2.52398 3 1 1

37.17537 2.41652 2 2 2

43.19293 2.09277 4 0 0

47.29292 1.92046 3 3 1

53.58856 1.70874 4 2 2

57.12711 1.61101 5 1 1

62.73504 1.47981 4 4 0

71.17779 1.32358 6 2 0

74.22681 1.27658 5 3 3

75.23259 1.26199 6 2 2
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Fig. 4 FityK analysis of undoped ZnFe2O4

spinel ferrite sample. The FTIR analysis results so obtained are in accordance with
the results obtained from the XRD analysis.

3.3 DC Conductivity Study

Figure 8 depicts the variation of electrical conductivitywith varying temperatures and
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Fig. 5 FityK analysis of lanthanum-doped ZnFe2O4

Fig. 6 FTIR spectrum of ZnFe2O4

Fig. 9 shows the plot of log10 (ρ) versus 1/T. It is evident from the figure that electrical
conductivity increaseswith increasing temperature for bothZnFe2O4 and lanthanum-
doped ZnFe2O4. The increase of electric conductivity of ferrites with temperature
shows the semiconducting nature of the ferrites. This nature can be attributed to
the thermal enhancement of carrier mobility [23, 24]. However, the conductivity of
lanthanum-doped ZnFe2O4 was lower than that of ZnFe2O4. This may be due to
the occupation of lanthanum ions in the octahedral sites. The occupation of La3+

ions in octahedral sites reduces electron hopping. The increase of conductivity with
temperature indicates the semiconductor behavior of the ZnFe2O4 and lanthanum-
dopedZnFe2O4. For both ZnFe2O4 and lanthanum-dopedZnFe2O4, the plot of log10ρ
versus 1000/T is linear. By finding the slope of the log10 (ρ) versus 1000/T line, the
activation energy Ea can be determined using the relation:
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Fig. 7 FTIR spectrum of lanthanum-doped ZnFe2O4

Fig. 8 Plot of electrical conductivity versus temperature for doped and undoped zinc ferrite

Ea = 2.303× 2× 8.617× 10−5 × Slope

For ZnFe2O4, Ea was estimated as 0.352 eV. This value is in agreement with the
reported value 0.331 eV [25]. For lanthanum-doped ZnFe2O4 the Ea was estimated
as 0.364 eV. The activation energy of lanthanum-doped ZnFe2O4 is greater than that
of ZnFe2O4. This reveals the fact that doping of rare-earth ions reduces the number
of Fe3+ ions in octahedral site which also slow down the electron hopping between
Fe3+ and Fe2+ [26].
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4 Conclusions

Zinc ferrite (ZnFe2O4) and lanthanum-doped zinc nanoferrite were synthesized via a
green synthesis route using Tulsi leaf extract. The XRD and FTIR analysis revealed
the normal spinel structure for both ZnFe2O4 and lanthanum-doped ZnFe2O4.

The XRD structural analysis shows higher lattice constant and crystallite size for
lanthanum-doped ZnFe2O4 compared to ZnFe2O4.This is attributed to the accumu-
lation of La3+ in the octahedral lattice sites of the ZnFe2O4. The DC conductivity
study confirmed semiconducting behavior for both ZnFe2O4 and lanthanum-doped
ZnFe2O4 nanoferrites. The conductivity of lanthanum-doped ZnFe2O4 decreased
in comparison to ZnFe2O4 within the measured temperature range. The reason for
decreased conductivity for lanthanum-doped ZnFe2O4 is the occupation of La3+ in
the octahedral sites. From this study, it was observed that by doping of La3+ions
in ZnFe2O4 the resistivity increases and thus it reveals that doping of lanthanum
increases the electrical insulation of ZnFe2O4. Future studies are aimed at the cyclic
voltammetric studies of the synthesized ferrites.
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Dielectric Properties
of NixCu1−xFe2O4:PbZr0.52Ti0.48O3
Multilayered Nanocomposites

Shaik Sabira Begum and S. S. Bellad

1 Introduction

In the last decade, interest has been focused on layered composite structures based on
lead zirconate titanate (PZT) associated with different ferromagnetic materials such
as nickel ferrites, cobalt ferrites, or lanthanum manganite. Although nickel ferrites
exhibit much smaller magnetostriction than cobalt ferrites, they show a better magne-
toelectric (ME) effect [1–5]. Giant magnetostrictive material such as Terfenol-D
(Terbium Dysprosium iron alloy) has been used in laminated configurations associ-
ated with PZT at resonant or sub-resonant frequencies. Magnetoelectric (ME) mate-
rials that exhibit coupling between magnetic properties and dielectric properties
are of great interest due to their potential use in smart electronic applications viz.,
sensors, waveguides, actuators, modulators, etc. The ME effect refers to a change in
electric polarization when a magnetic field is applied (direct effect) or, conversely, a
change in magnetization when an electric field is applied (converse effect). Intrinsic
(single-phase) ME coupling was first detected in Cr2O3 at low temperature, but the
effect was so weak that it could not find any use in electronic devices [1]. General
interactions between the various phases of these composites give rise to the so-called
product properties [2]. These properties are found in the behavior of the macro-
scopic composite but are usually absent from the constituent behavior of the indi-
vidual phases. Examples of product properties are magnetoelectric, pyromagnetic,
and pyroelectric properties [3, 4].

ME bulk composites have been made first by sintering together BaTiO3 or PZT
with spinel ferrites. However, the low resistivity of the ferrite that short-cut the piezo-
electric phase acts towards a lowering of theMEeffect [5]. This difficulty is overcome
by using laminated structures. So, in the last decade, interest has been focused on
layered composite structures based on PZT associated with different ferromagnetic
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materials such as nickel ferrites, cobalt ferrites, or lanthanum manganite. Although
nickel ferrites exhibit much smaller magnetostriction than cobalt ferrites, they show
a better ME effect. The strongest ME effects were obtained for co-sintered thin
layers of PZT/nickel-zinc ferrite in the range of 10 µm using the tape-casting route
[6]. Giant magnetostrictive material such as Terfenol-D (Terbium Dysprosium iron
alloy), were also used in laminated configurations associated with PZT or PMN-PT
at resonant or sub-resonant frequencies [7].

In the present investigation, the synthesis of NixCu1−xFe2O4-PZT was carried out
by solution combustion method. Multilayered structures were fabricated using the
screen printing method [8, 9]. The dielectric properties of these multilayered thick
films have been reported.

2 Experimental Details

2.1 Synthesis of Ferromagnetic Phase (NixCu1−xFe2O4)
and Ferroelectric Phase (Pb (Zr0.52Ti0.48)O3) by Solution
Combustion Method

The combustion method involves exothermic and self-sustaining thermally-induced
anionic redox reaction of the redox mixture, which is obtained from an aqueous
solution containing desired metal salts (oxidizer) and organic complexing agent
(fuel) [10]. Proportions between the oxidizer and fuel are calculated according to
the valences of the reacting elements in order to maintain the ratio of oxidizer/fuel as
unity [11]. In this study, nitrates were used as oxidizers, and glycine was used as fuel,
the ratio of oxidizer to fuel was taken according to stoichiometric proportion [12].
The magnetic phase NixCu1−xFe2O4 and ferroelectric phase Pb(Zr0.52Ti0.48)O3 were
prepared by solution combustion method as it gives very fine powder with particles
in the nanosize range.

To synthesize NixCu1−xFe2O4 (x = 0.3, 0.4, 0.5, 0.6, 0.7, 0.9) ferrite phase
AR grade Ni(NO3)2, Cu(NO3)2 and Fe(NO3)3 were used as oxidizers. Glycine
(C2H5NO2) was chosen as a fuel in the present study as it contains nitrogen which
further helps in the solubility of oxidizers and the end product will be a uniform
mixture of all the metal ions, and it also gives better control over the composition.
The total valence of Ni(NO3)2, Cu(NO3)2, and Fe(NO3)3 are −10, −10, and −15.
The total valence of the fuel glycine is+9. Using this data, the ratio of oxidizer: fuel
was taken as 1:2.

The ferroelectric phase (Pb(Zr0.52Ti0.48)O3) was prepared using lead nitrate,
zirconyl nitrate, and titanium dioxide as oxidizers and glycine as fuel [13]. The
ratio between oxidizer and fuel (1:2) was taken according to stoichiometric propor-
tion same as that of the ferrite phase. Once the fine powder of PZT was obtained it
was sintered at around 500 °C for 4 h for completion of the crystallization process.
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Fig. 1 Schematic representation of multilayered thick film NixCu1−xFe2O4/PZT/NixCu1−xFe2O4

2.2 Film Deposition Technique

Screen printing is a simple and easy method. The major advantages of this method
are large areas can be coated and the thickness of the deposited film can be controlled.
For the thick film deposition, a composite paste was formed using composite powder
(96%), and organic vehicle (3%). The organic vehicle was the solution of ethyl
cellulose (3%) in 2–2 butoxy ethyl acetate (98%) and was used to maintain the
viscosity of the thick film paste. The fluorine-doped tin oxide (FTO) substrate was
kept on a substrate holder and the screen was suspended about 0.5 mm above the
substrate. The appropriate amount of paste was then placed on the screen at one side
of the substrate and the screen was squeezed under pressure, bringing it into contact
with the substrate and at the same time driving the paste through the open mashes
of the screen. The first layer was dried for 10 h, then another layer of PZT powder
was deposited on the substrate uniformly over the ferrite layer and it was dried for
10 h. Finally, the top layer of NixCu1−xFe2O4 was deposited on the PZT layer and
dried for 10 h. The so fabricated tri-layered structure was heat treated at 300 °C for
1 h. About 6 samples were prepared by depositing the layers as shown in Fig. 1. The
thickness of the film was less than 2 mm approximately.

2.3 Dielectric Property Measurement

The dielectric properties were measured as a function of frequency using an
impedance analyzer (Wayne Kerr 6500B) at room temperature in the frequency
range of 100 Hz to 1 MHz. Silver paste (conducting paste) was applied on the top
surface of the multilayered structure. Impedance analyzer probes were connected to
the bottom and the top layer of the structure.
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3 Results and Discussion

A typical X-ray diffraction pattern of the sample with x = 0.5 (Ni0.5Cu0.5Fe2O4) of
ferrite phase and Pb(Zr0.52Ti0.48)O3 of ferroelectric phase are shown in Figs. 2 and 3.
The peaks are the characteristics of the ferrite (JCPDS Card No. 742081 for nickel
ferrite and JCPDS Card No. 34-0425 for copper ferrite) and ferroelectric (JCPDS
Card No. 33-0784 for PZT) phases. The cubic spinel structure of the ferrite phase
and the perovskite tetragonal structure of the ferroelectric phase is clearly seen. As
per the JCPDS Card No. 742081 and 34-0425, the dominant (311) peak of ferrite
phase is rightly placed at 2θ value of ~36°. The high intensity of all the peaks in

Fig. 2 XRD pattern of Ni0.5Cu0.5Fe2O4

Fig. 3 XRD pattern of PZT
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Fig. 4 Variation of dielectric constant with frequency for (NixCu1−xFe2O4/(Pb(Zr0.52Ti0.48)O3)/
NixCu1−xFe2O4) multilayered thick films at room temperature

ferrite phase indicates that the crystallization process is completed. The broadening
of the peaks at baseline also reveals that the particle size is sufficiently small. As per
JCPDS Card No. 33-0784, the dominant (110) peak of ferroelectric phase is rightly
placed at the 2θ value ~31°. All other peaks of both the phases are also rightly placed
at their 2θ values [8].

The variation of dielectric constantwith frequency of thesemultilayered structures
is as shown in Fig. 4. It is seen from the figure that the dielectric constant initially
decreases rapidly with a rise in frequency and then remains constant at a higher
frequency. The dielectric dispersion observed at low frequency could be due to a
difference in the composition of the ferrite phase [14, 15]. The decrease in dielectric
constant with frequency can be explained based on Koop’s theory [16]. At higher
frequency, the hopping frequency of the charge carriers does not follow the applied
frequency and hence the dielectric response remains constant.

The variation of dielectric loss tangent [tan (δ)] with frequency is as shown in
Fig. 5. The tan (δ) represents the capability of dissipating the energy. The dielectric
loss continuously decreases with an increase in frequency. All the samples show
maxima in the frequency range of 100 Hz to 100 kHz. These kinds of maxima are
generally observed when the hopping frequency of electrons between ionic sites
matches the applied frequency [17].

Variation of AC resistivity with frequency for these multilayered structures is
shown in Fig. 6. The AC resistivity decreases rapidly with a rise in frequency then
it reaches a saturation level. The rapid decrease of resistivity with an increase of
frequency is due to an increase in the hopping frequency of the electrons. Thereafter,
at higher frequencies, the hopping frequencies do not follow the applied frequency
[17]. Variation of conductivity with frequency is shown in Fig. 7. From the figure,
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Fig. 5 Variation of loss tangent with frequency for (NixCu1−xFe2O4/(Pb(Zr0.52
Ti0.48)O3)/NixCu1−xFe2O4) multilayered thick films at room temperature

Fig. 6 Variation of AC resistivity with frequency for (NixCu1−xFe2O4/(Pb(Zr0.52
Ti0.48)O3)/NixCu1−xFe2O4) multilayered thick films at room temperature

it can be noted that plots are linear and straight lines which indicate a small polaron
conduction mechanism [18].

4 Conclusions

A ferrite phase NixCu1−xFe2O4 and ferroelectric phase Pb(Zr0.52Ti0.48)O3 (x = 0.3,
0.4, 0.5, 0.6, 0.7, 0.9) multilayered thick films were fabricated on FTO coated
substrate by the screen printing technique. The X-ray diffraction pattern confirms
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Fig. 7 Variation of log (σ ac) with frequency for (NixCu1−xFe2O4/(Pb(Zr0.52
Ti0.48)O3)/NixCu1−xFe2O4) multilayered thick films at room temperature

the individual ferrite and ferroelectric phases without any impurity. The dielectric
constant and loss tangent decreases with an increase in frequency, which is due to
dielectric dispersion and interfacial polarization. TheAC resistivity decreases rapidly
with a rise in frequency. The linearity in conductivity versus frequency graph shows
that the conduction process in these composite thick films is due to the small polaron
hopping mechanism.

Acknowledgements Authors are thankful to Dr. G. RamGopal, Principal, Dr. Sriprakash G. HoD,
Physics, and Dr. N. Hanumantharaju of Maharani’s Science College for Women, Palace Road,
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