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Conducting polymeric hybrid implant coatingl: A strategy
ible properties

improve electrochemical and osteocompati
V Sudhisha, N Rajendran*
Department of Chemistry, CEG Campus, Anna University,
Chennai - 600 025, Tamil Nadu, India.
*Corresponding author Email: nrajendran@annauniv.edu
Abstract:

The replacement of entire joint extent is one of the actual effective and common surgical techniques to
support both hip as well as knee reconstruction. To cover-up with the mechanical strength and biological
effect of in-situ natural bone, titanium is the only material of superior choice. In recent years, conducting
polymers provide a complimentary platform as coating material, exclusively for orthopaedic application.
Polythiophene derivatives have particular attention and in context poly(3,4-ethylenedioxythiophene)
(PEDOT) is considered as the most gainful polythiophene derivative with its outstanding properties. PEDOT
is practically used in device production, biomedicine, and bio-implants owing to the peculiar electrochemical
and environmental permanency with respect to its oxidation state. The trace salt of gallium element boosts
the content of phosphorous and calcium in bone, that in contrast electively serve for hypercalcemias
as well. Gallium in hydroxyapatite matrix acts as a shield to improve the skeletal structure and in turn
the biomechanical properties. In the current research an effort is made to understand the application of
innovative implant with gallium doped PEDOT on titanium for orthopaedic practice. Through primary
studies like SEM, EDX and FTIR the presence of predictable layer of PEDOT with Ga was acknowledged.
Contact angle, electrochemical corrosion studies and in vitro immersion studies were performed and the
outstanding results meet the required physicochemical standards to enrich in loco osteosynthesis.

Keywords: Titanium; Poly(3,4-ethylenedioxythiophene) (PEDOT); Gallium,; Corrosion; Bioactivity;
Orthopaedic

1. Introduction Still 26% of failure cases were recorded in the past
decade among aged patients. Metals have ensured
the dominance for load bearing role in implant field
[3]. Among the different metals used in orthopaedic,
titanium 1s the strongest and lightweight metal that
plays a critical load bearing function than other

medically used implant metals such as cobalt-

Bone is exposed to numerous loading situations,
sometimes the exposed load could cause cracks
or affect the patient majorly [1]. To support such
aforementioned problems, a substitute is used that
maintain the prime concern and stay compatible
with the bone. Biomaterials are observed with an

express growth in research field of bone implants.
After implantation, the occupied states of implants
due to jumping, loading and running for a long
term performance could lack the compatibility with
original bone. Henceforth, the development of an
implant should necessarily focus on mechanical
strength and other properties to serve without any
knockback [2]. To decrease the second revised
surgery, the upgraded techniques have been initiated.

chromium alloys and steel. This material exhibits
excellent biocompatibility that is attributed to the
naturally obtained TiO2 layer on the surface. This
oxide layer develops an osteoconductive layer with
the interface and therefore bone cells get attracted.
The surface roughness of titanium influences the
growth factors. Thus, remodelling the titanium
surface to achieve the roughness in implants
provides in site cellular responses for a long time
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54 Conducting polymeric hybrid implant coating: ... osteocompatible properties

in implants [4]. The surface coating is an important
method to improve the significant performance of
titanium.

Different biocompatible polymers are used in
biomedical applications, out of that the conducting
polymers such as poly(3,4-ethylenedioxythiophene)
(PEDOT) have similar features to that of melanin.
PEDOT polymer is known for its conductivity and
chemical and environmental stability. The PEDOT
coated surfaces are soft, remain relatively bioactive
and protect the material from -electrochemical
corrosion [5]. Since the coating material is a
very important part that provides the improved
performance in implants, gallium was doped
with PEDOT. The bioactivities such as skeletal
metabolism, stress relief and bone resorption are
improved with gallium. Plenty of reported cases
were published with gallium for treating cancer-
based hypercalcemia’s and osteoporosis. There
are studies proving the antimicrobial activities
of the gallium metal. In accordance, gallium ions
are gaining significance in medical field with anti-
inflammatory, antiresorptive, immune suppressive
behaviour and antiosteoporotic behaviour. Gallium
is a highly efficient element that works effectively
for treating hypercalcemia’s [6]. In orthopaedics,
gallium hinders the rate of apatite growth by
adsorbing into crystal surface therefore, used in
various biotechnological performances [7].

Electropolymerization is ordinarily accomplished
through three methods such as (i) galvanostatic:
performed by maintaining the constant current, (ii)
potentiostatic: executed by applying constant voltage
and (i11) potentiodynamic: within a definite voltage
window, the cyclic voltage gets swept out. Fine
tuning of the parameters of electropolymerization
method, concentration of the dopant used, solvents
and the type of dopant used the morphology,
conductivity and thickness of the layer can be
precisely controlled [8]. The aim of this research
is to electropolymerize a layer of gallium doped
PEDOT on titanium metal surface for improving
the biological and electrochemical properties of
titanium implant for a long term and load bearing
application. This is mainly to eliminate the second
painful revised surgery to replace the implant.

2. Materials and Methods

Commercial pure Titanium (Cp-Ti) samples sized
15 mm % 20 mm x 2mm acquired from TI Anode
Fabricators Pvt. Ltd. Chennai, India were used. The
test samples were mechanically polished by silicon
carbide (SiC) papers from 80 to 1000 grits. The
polished samples were washed with acetone and
then with the distilled water.

Cyclic voltametric method was used for the electro-
polymerization of EDOT and gallium nitrate on the
titanium surface since it is a suitable, cost-effective
and an easy process. The electropolymerization
was carried out using PGSTAT Autolab-302 N
electrochemical workstation by using a three-
electrode cell system. Polished titanium substrate
was used as working electrode (WE), a saturated
calomel electrode was taken as reference electrode
(RE) and a platinum foil was taken as a counter
electrode (CE) respectively. The electrolyte used for
the electrochemical polymerization was prepared
using different concentrations of gallium nitrate,
0.3 M lithium perchlorate and 0.1 M EDOT. Poly
(3,4-ethylene dioxythiophene) and gallium nitrate
were polymerized on titanium surface at a sweeping
potential rate between -0.1 and + 2.0 V with a
scan rate of 0.03 mVs-1 for 5 cycles. After electro
polymerization, the polymer coated substrate
was washed with distilled water to eradicate the
monomer particles and dried.

2.1. Characterization Techniques

The surface characterization of electropolymerized
samples were examined using SEM with EDS
(Tescan Vega 3 XMU). The chemical composition
of the sample was confirmed through ATR-FTIR
(Perkin Elmer Spectrum two, USA). The Contact
angle analyser: Phoenix 300 plus was applied to
observe the wettability of the samples.

2.2. Electrochemical Corrosion Studies

The potentiodynamic polarization studies were
carried out for the samples having an exposed area
of 1 cm?. A conventional three electrode glass cell
was used for all the electrochemical measurements.
The cell assembly consisted of the test specimen as

J. Electrochem Soc. India
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the working electrode, a platinum foil as the counter
electrode and the saturated calomel electrode (SCE)
as reference electrode. The tests were performed
in 250 ml Hanks' solution. The electrochemical
workstation (PGSTAT model 302N, Meterohm
Autolab B.V, Netherlands) was controlled by Nova
2.0 software. Potentiodynamic polarization studies
were carried out in the potential range from -1.0
to 1.0V at a scan rate of 0.001V/s. The potentials
recorded are with respect to standard calomel
electrode. The corrosion current density (Icorr)
and corrosion potential (Ecorr) were obtained from
the polarization curves. The obtained corrosion
current and corrosion potential represents the rate
of corrosion of the working electrode. The current
density is obtained using Stern — Geary equation
given below [9].

Ba x Bb

leorr =

2.3 Rp(pa + pb)

Where Ba and Bb are the Tafel slopes of the anodic
and cathodic parts of the Tafel plot respectively and
Rp is the polarization resistance.

2.3. In Vitro Studies

In vitro studies were accomplished to inspect the
apatite progression. The sample was immersed
in freshly synthesized Hanks’ solution with 7.4
pH. After 7 days of protective immersion, the
characterizations such as SEM, and EDX were used
to confirm the growth of apatite.

3. Results And Discussion
3.1. Morphological Studies of Ga/PEDOT

The titanium surface was coated with gallium doped
PEDOT with different concentrations of gallium
nitrate (0.005 and 0.006 M). Higher magnification
SEM images of the coatings obtained by means of
cyclic voltammetry are shown in Fig. 1. A stable
coating of Ga/PEDOT was seen on both the sample
surfaces with porous structure that are connected
and branched in such a way with gallium oxide on
it. In Ga/PEDOT(1), the coating is satisfactorily

layered with PEDOT and gallium oxide and in case
of Ga/PEDOT(2) the coating was very least coated.
The surface should be completely covered and the
appearance of random irregular voids provides a
beneficial adherence of coatings. The monomers of
EDOT have experienced the initial nucleation and
fine accumulation with complete polymerization
and deposition in Ga/PEDOT(1) on contrast of that
of Ga/PEDOT(2) [10]. From the FESEM image, it
is evident that the titanium surface is completely
wrapped with Ga/PEDOT(1) and therefore, this
sample was progressively used in this research.

Fig. 1. SEM images of (a) Ga/PEDOT(1) and

(b) Ga/PEDOT(2).
The quantitative chemical composition of
Ga/PEDOT(1) was obtained through EDX

microanalysis. Table 1 shows the relevant most
variations of elements present in the implant
material. In particular, titanium is the most abundant
element with intense peak and Ga is the most
minor element as shown in Fig.2. The presence of
all essential elements such as Ti, O, C, S and Ga
are ascribed to the trend of chemical composition
and their presence on the surface of the fabricated
implant material.
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Fig. 2. EDX profile of Ga/PEDOT (1).
Table 1. Parameters obtained from EDX profile

of Ga/PEDOT (1)
S.No. | Elements W?;;ght Atg/l:nc EI(;;M
l. CK 9.14 20.77 9.22
2. OK 21.55 36.78 10.50
3. GaL 0.95 0.38 8.92
4. SK 11.07 9.42 3.70
5. TiK 57.29 32.65 4.27
3.2.  Electropolymerization using  cyclic

voltammetry method

In cyclic voltammetry of Ga doped PEDOT, both
anodic and cathodic scans during the completion of
electropolymerization are shown in Fig. 3. Through
the anodic reaction, Ga and PEDOT are coated and
the coating removal occurs during the cathodic
scans. It is a reversible scanning process and both
the scans require equal charges and develop a
nucleation loop. The monomer EDOT and Ga(NO,),
with the support of LiClO, get coated as Ga/PEDOT
on titanium substrate. Technically in the graph, next

to the switching potential one can observe that the
current at oxidation scan is more than the current
produced at the reduction scan that represents the
effects of polymer nucleation process. This is the
evident that there is a homogeneous connection that
occurs within the starting monomer ions and the
oligomer products respectively [11].

0.004

0.003 -

0.002

0.001 -

0.000 -

Current Density Afcm?

-0.001

-0.002

-0.003

0.5 0.0 annﬁ:‘;)VSSCE 1.0 1.5 2.0
Fig. 3. Cyclic voltammogram curves of Ga/
PEDOT (1).

As the coating is an electro active polymer layer, the
thickness ofthe coating increases when the additional
crosslinking deponent Ga is used. If the coated layer
becomes thicker and bulky, this bulking effect will
limit the adhesion towards the titanium substrate.
Therefore, a uniform and flat layered coatings of
the polymer without any bulking features aids the
positive interactions necessary for orthopaedic
applications and stay for a long period [12]. For
this reason, only 5 scans were accomplished for the
successful electropolymerization of Ga/PEDOT on
titanium surface.

3.3. ATR-FTIR analysis

To identify the functional groups, ATR-FTIR spectra
of bare and Ga/PEDOT(1) were recorded in the
range of 450—4000 cm™ (Fig. 4). The bare substrate
spectrum shows a dominant peak of titanium at
489 cm’. The surface of titanium contains its
oxide layer and therefore, the oxide formation of
titanium is represented through this resultant peak.
The spectrum of Ga/PEDOT (1) shows a peak
at 495 cm-' which indicates the presence of Ti-O
stretching vibrations. The peak obtained at 628 cm-!
represents the appearance of stretching vibrations
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in Ga-O [13]. A small bend at 811 cm™! is obtained
which is attributed to C-S of the thiophene ring. The
peak at 1010 cm-1 describes the bending vibration
of oxyethylene thiophene ring [14]. At 1329 cm
!, the small peak shows the occurrence of C-C
bond and at 1537 cm™ shows the confirmation of
alternative C=C bond in the ring structure [15]. The
absorption peak at 1818 cm™ is attributed to C-O
bond of PEDOT. The peaks at 2050 cm™, 2240 cm™!
and 2647 cm™' represents -CH, bond. The formation
of —OH group was identified and matched with the
peaks at 3199 cm™” and 3799 cm’. The presence
of gallium doped PEDOT was further confirmed
through this characterization technique and the
possible interactions and bonding were verified.

— Ga/PEDOT |

Barel

Transmittance (%)

Ti

4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber (cm™1)

Fig. 4. ATR FTIR of bare and Ga/PEDOT (1).

3.4. Contact angle measurements

Any bio-implant should be studied for its surface
wettability to understand the bioactivity including
protein adsorption, proliferation and cell adhesion.
The wettability of an implant surface are connected
with the topography and chemistry of that particular
surface [16]. The contact angle measurements were
carried out on the Ti substrate and the substrates
coated with Ga/PEDOT(1) and Ga/PEDOT(2) and
the graphical representation with images are shown
in Fig. 5. The roughness found at the metal surface
affects the properties and significant structures that

develop alive interaction with biological matter [ 17].
With respect to this, the material surface showing
a water contact angle (WCA) greater than 90° is
considered scientifically as a hydrophobic one [18].
Therefore, the bare substrate with TiO, on the surface
exhibits WCA of 104.2°, which is hydrophobic and
represents the obstacles in adhesion, migration and
growth of cells. The particles gets aggregated into
the body fluids and develop weaker cell bonding
[19]. In coated samples, the initial oxidized layer
has been covered with polymer PEDOT and
gallium. Thus, Ga/PEDOT(1) and Ga/PEDOT(2)
shows hydrophilicity with the average WCA values
were 67.6° and 51.0° respectively. The cell walls
in human tend to interconnect and attach with the
hydrophilic surfaces for the betterment of growth
[20]. More roughness develops the wettability and
enhances the cell attachments by the adsorption of
required proteins.

120 =

100 —

80 —

€0 —

Contact Angle (Degree)

40 —

20 -

Bare Ga/PEDOT(1) Ga/PEDOT(2)

Fig. 5. Contact angle measurements on Ti and
coated surfaces.

3.5. Electrochemical corrosion studies
3.5.1. Potentiodynamic polarization studies

The potentiodynamic polarization curves were
recorded for bare titanium and Ga/PEDOT(1)
coating in Hanks’ solution as the electrolyte to
assess the corresponding biological activity of the
implant. The unique potentiodynamic polarization
curves plotted for bare and Ga/PEDOT(1) are shown
in Fig. 6 and the respective electrochemical values
calculated are summarized in table 2. The corrosion
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current density called Icorr value is established
from cathodic curves of the graph. The Ecorr value
obtained from the graph shows a positive shift in
Ga/PEDOT(1) with respect to the bare substrate.
This indicates improved corrosion resistance of the
titanium surface containing gallium-PEDOT. In the
literature it has been reported improved corrosion
resistance of gallium and its alloys [21]. The uniform
coating of conducting polymer, PEDOT as a passive
layer increases the protective mechanism in the
corrosive medium [22]. Overall, Ga/PEDOT(1) is a
promising coating for orthopaedic applications with
respect to corrosion performance.

34 Bare
Ga/lPEDOT (1

log I (A/cm?)

T ) )
-1.0 -0.5 0.0 0.5 1.0

E (V) vs SCE

Fig. 6. Potentiodynamic polarization curves of

Nyquist, Bode phase angle and Bode impedance.
The respective graphs of bare and Ga/PEDOT(1)
are displayed in Fig. 7. The Nyquist graphs (Fig.7a)
shows a higher diameter for Ga/PEDOT(1) than
the bare sample. This explains that the more
passivity of Ga/PEDOT(1) against corrosion. This
is again verified with Bode studies which is a
reliable method to gain extracted information about
diffusion impedance, rate of charge transfer and
its processes, solution resistance and double layer
capacitance. The conducting polymer (PEDOT)
coatings with low porosity, dense and adherent
layer of gallium nitrate maintains a restricted access
for the electrolytic oxidants and ions. Here the
conducting polymer coating forms a protective layer
on the surface of metals, this mechanism is called as
anodic protection mechanism [24]. From Fig. 7 (b &
¢) also shows improved corrosion resistance of Ga/
PEDOT(1) than bare material.

" B
700000 [ . GnlrEnOl(llJ

bare and Ga/PEDOT (1). TR ]
( ) g ':: H o . (b) _g sooo| (c)
Table 2: Parameters of potentiodynamic 27 % g el
polarization studies i LA I . \
S. No. Sample Ecorr (V) | Icorr (nA/cm?) 5 " L___;__
1 Bare -0.515 0.54 Fig. 7. Electrochemical impedance plots of bare
2 |Ga/PEDOT(1)| -0.194 1.49 Ti and Ga/PEDOT(1) surface on Ti.

3.5.2. Electrochemical impedance spectroscopic
studies

An ideal orthopaedic implant material in human
body should retain outstanding corrosion
resistance against the physiological environment.
Electrochemical impedance spectroscopy (EIS)
is a very beneficial approach to observe the
electrochemical in situ changes. This method helps
in understanding the physical deviations happening
at the interface of electrode and electrolyte [23].
The obtained results were plotted in the form of

3.6. In vitro studies

The biomineralization is a process that provides a
bridging the bone-implant with the natural bone.
The natural bone of human could get fused with
the biomaterial implant and osseointegration takes
place. As an initial prediction, the sample was taken
for Hanks’ immersion test. Ga/PEDOT(1) was
soaked in Hanks’ solution for 7 days to identify the
early bioactivity of the material. After 7 days, the
bioactivity of the material depends directly on the
amount of apatite induced on the implant surface.
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Based on this, the material will be considered as a
bioactive one [25]. Fig. 8 shows the SEM image of
Ga/PEDOT(1) after 7 days of immersion in Hanks’
solution.

o

fe! ¢ (’ vy Al L .
Fig. 8. SEM of Ga/PEDOT(1) after 7 days of
Hanks’ soaking.

There are few parameters to prominently modify the
bone forming aptitude of the biomaterial including
roughness, impurity content, crystal size, surface
chemistry and morphology [26]. By taking all the
above criteria we could match with the apatite
growth on the surface through the top view SEM
image after 7 days of immersion. The clear growth of
hydroxyapatite is layered up as crystalline spherical
structures with calcium and phosphate groups on it.

mr%
336K
mxji F
25
2101

168K|

0.42(1‘ Ga ] S

Q G

08 134 200 28 335 4w 48 5% 60
OCnts  0000keV  Det: Element-C28 Lock Map/Line Elements

Fig. 9. EDX profile of Ga/PEDOT(1) after 7 days
of Hanks’ soaking.

The growth of apatite as calcium and phosphate
along with the occurrence of carbon, oxygen, sulphur

and gallium is verified through EDX (Fig. 9) of Ga/
PEDOT(1) after 7 days of immersion respectively.
The clear discrimination of the weight percentage
in each element is represented through the data
given in Table. 3. The total in vitro characterization
represents that Ga/PEDOT(1) is biologically
active by establishing a positive osseointegration
accountable for orthopaedic application that meets
up the expectations of the researchers.

Table 3 Elemental analysis of Ga/PEDOT(1)
after immersion in Hanks’ solution for 7 days

S. No.| Elements W?;‘)ght At(;/znic EI;;M
1. CK 38.11 50.86 9.57
2. OK 38.28 38.35 8.46
3. GalL 3.12 0.72 6.07
4, PK 1.01 0.52 15.29
5. SK 17.60 8.80 3.85
6. CaK 1.87 0.75 29.22

4. Conclusions

In conclusion, this work examined the improved
electrochemical and biological performance of
modified polymeric hybrid titanium implant.
The surface modification of titanium by the
electropolymerization of gallium doped PEDOT was
strategically performed at different concentrations
of gallium using cyclic voltammetry method. The
confirmation of the overlaid coating was verified
with SEM, EDX and FTIR. The gallium addition in
PEDOT matrix ina very small amount has effectively
enhanced the corrosion resistance.  The thin
degradable layer of Ga/PEDOT on titanium surface
ensures the positive attitude towards the biological
performance required for  osseointegration,
determined through immersion studies. This has
been correlated with contact angle measurement
showing good wettability on Ga/PEDOT(1) surface.
In summary, the developed polymeric hybrid implant
material containing appropriate amount of gallium
improves the patient’s expectancy in progressive
bone healing (Hip & knee) with titanium base.
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Abstract :

This study investigates the corrosion performance of an electroless coating incorporating 3 mol% YSZ
nanoparticle reinforcement in the matrix of Ni-B. The objective is to produce a nanoceramic composite
coating and analyze its impact on corrosion properties in both untreated and treated conditions. The
composition of the coatings is identified using energy-dispersive X-ray (EDX) spectroscopy and particle
dispersion and coating thickness are investigated using scanning electron microscopy (SEM). Further,
hardness is evaluated through Vickers micro hardness tests and structural analysis by X-ray diffraction
(XRD). Potentiodynamic polarization provides insights into the corrosion resistance or susceptibility of the
material. At the same time, electrochemical impedance spectroscopy (EIS) evaluates the electrochemical
properties of a system or material over a broader frequency range (10 mHz-1 MHz). The findings indicate
that the heat-treated coatings exhibit high hardness due to strengthening mechanisms associated with the
crystalline structure, but it also results in a decrease in corrosion resistance. Specifically, in the case of the
Ni-B alloy, the heat-treated (HT) coatings display lower corrosion resistance compared to the as-plated Ni-B
coatings. Conversely, in the case of heat-treated Ni-B-YSZ coatings, the corrosion resistance exceeds that
of the as-plated nano-composite coatings. These findings reveal potential applications of YSZ-reinforced
Ni-B coatings for combating environments prone to corrosion and thus demonstrating enhanced strength
for numerous versatile fields of application.

Keywords: Electroless, Nickel Boron, Corrosion, EIS, Ni-B-YSZ.

1. Introduction In addition to that, Ni-B alloy coatings are less
corrosion-resistant than Ni-P variant [6]. To address
this, YSZ (Yttria-Stabilized Zirconia) ceramic
nanoparticles are incorporated into the Ni-B matrix
to form nanocomposites. These nanocomposites
possess unique properties, such as excellent thermal
insulation, high wear resistance and resistance to
corrosive environments, making them suitable for
various applications across different industries.
However, despite their potential, the behaviour
and corrosion protection of YSZ coatings within
the Ni-B matrix, particularly under heat-treated

The behaviour of coatings in harsh environments has
a significant impact on the reliability and durability
of components in industries such as automotive,
aerospace, gas turbine and marine [1,2]. Electroless
nanocomposite coatings offer a promising solution
by providing uniform coating thickness and strong
adhesion to complex shapes [3]. These coatings
typically contain a high boron content of approx.
6-8%, which can contribute to increased hardness.
Heat treatment can lead to further improvement in
the hardness of the material [4]. This improvement

is attributed to changes in its crystalline structure,
which promotes the formation of nickel borides
(Ni,B and Ni,B). This transition enhances wear
resistance but may deteriorate the corrosion
resistance of the coating due to its heterogeneous
composition that can induce galvanic coupling [5].

conditions, have not been extensively investigated.

This research investigates the corrosion resistant
properties of YSZ-reinforced Ni-B matrix in
untreated and treated conditions. In order to
accomplish this, the study utilized various
characterization techniques to analyze the
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coatings’ surface morphology, structural features,
microhardness, and electrochemical properties.
This comprehensive evaluation provides valuable
insights into their performance and resistance to
corrosion, facilitating their suitability for diverse
applications.

2. Materials and Methods

In this study, a coating was applied to high-strength
low alloy steel (AISI 4140) using the well-known
electroless coating. The steel samples were 20 x 20
X 4 mm3 in size and were first prepared by grinding
and polishing with 800 and 1200 grit abrasive
papers. Consequently, after acetone cleaning for 10
minutes at 55°C in an ultrasonic bath, the surface
was pickled in a 50% HCI solution for one minute
and rinsed with de-ionized water before being
coating [7].

An electroless coating bath was prepared as per the
given Table 1 [8,9]. In addition to the Ni-B alloy,
the YSZ particles were plated by electroless method
using an alkaline borohydride-reduced type-2
coating process in accordance with ASTM B607-
91 (2003) [10], The YSZ nano-suspensions were
prepared separately with sodium dodecyl sulphate
(SDS) using ultrasonic agitation process [11]. The
prepared nano-suspension (1 g/L) was added to
the plating solution after 15 minutes of initial Ni-B
coating to improve particle adherence and dispersion
in the Ni-B matrix [12]. The coating process was
done in a 200 mL bath with a pH of 13.5 and the
temperature of 95+1 °C.

Table 1. Electrolyte bath composition

Chemical Formula g/L
Nickel Chloride NiCl, 6H,0 20.0
hexahydrate
Sodium Borohydride NaBH, 01.0
Ethylenediamine CH,N, 59.0
Sodium Hydroxide NaOH 40.0
Lead Nitrate Pb (NO,), 0.015
Sodium dodecyl | CH,(CH,),,OSO,Na | 0.025
sulfate
Yttria stabilized 3mol % Y,0,- 1.0
zirconia ZrO --
(30-80 nm) ?

A baffle furnace was used to heat-treat the coated
samples. The heating technique entailed increasing
the temperature from ambient to 400 °C and soaking
it for an hour. Subsequently, the samples were cooled
inside the furnace until they reach room temperature.
This heat treatment method is widely used and has
been optimized by many researchers for such coatings
[4,13]. Scanning electron microscopy (SEM, FEI)
was used to analyze the surface morphology of
coatings. An X-ray diffractometer (XRD) with
Cu-Ko radiation was used to ascertain structural
properties. Microhardness testing was conducted on
the coatings using a Matsuzawa MMT-X7 model with
a Vicker’s diamond indenter, by ASTM standards
E92-03 [14] and E384. Hardness measurements
were performed at multiple locations, and the
analysis considered the average of five different
locations for the evaluation. The corrosion test of
both, polarization tests in accordance with ASTM
G5-14 [15] and electrochemical impedance tests in
accordance with ASTM G106-10 [16] were carried
out in a 3.5% NaCl solution at ambient temperature
using an AMETEK multichannel potentiostat with a
three-electrode configuration, the experiment scans
between -0.25 and 0.25 V vs. open circuit potential
at a rate of 1 mV/s using graphite as the counter
electrode and a standard calomel electrode (SCE) as
the reference electrode.

3. Results and Discussion
3.1 Microstructural characteristics

Figure la illustrates the surface morphology of
Ni-B-YSZ coating which shows a distinctive
broccoli-like structure characterized by smaller and
finer nodules than Ni-B alloy coatings [17]. The
inset of Fig la with enlarged image highlights the
embedded particles which hinder the grain flow.
The particles dispersion of YSZ in the Ni-B matrix
is shown in Fig.1b. The plating process efficiently
incorporates particles into the coating without much
agglomeration. Particle dispersion in the coating
plays a crucial role in enhancing its hardness,
wear resistance, and corrosion resistance [18]. The
particles act as barriers, impeding the movement
of corrosive species and restricting their access
to the substrate [11]. This dispersion is essential
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for achieving improved protective properties in
the coating. As a result, the corrosion process is
decelerated, ensuring long-term protection against
corrosion [19].

Figure lc depicts a cross-sectional image of Ni-B-
YSZ, HT coating with typical thickness of ~18 & 1
um, which is within the usual range of electroless
coating deposition rates [17]. The coating looked
uniform and was devoid of pin holes, voids, or
agglomeration, emphasizing its strength. Heat
treatment strengthens the coating further, potentially
sealing pores. This results in higher impedance across
a broad frequency spectrum indicating enhanced
corrosion resistance. Further, the white layer is
absorbed at the coating-substrate interface as a result
of chemical reactions or phase transformations. This
white layer serves as an additional barrier layer,
offering supplementary protection against corrosion,
wear and environmental factors.

Fig 1. SEM images of (a) Ni-B-YSZ surface and
its (b) dispersion and (c) cross section
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The XRD analysis of the Ni-B coating, illustrated
in Fig. 2a, reveals its amorphous nature in the
untreated condition [20]. It exhibits a single broad
peak corresponding to (111) at 20 = 43.64° plane of
FCC nickel. During heat-treatment, electroless Ni-B
coating undergoes a transformation and the nickel
(Ni) and boron (B) atoms rearrange and react with
each other to form Ni2B and Ni3B solid solutions.
This transformation occurs as a result of diffusion
and interatomic bonding at elevated temperatures,
leading to the formation of new crystalline phases
within the coating structure. The crystalline phases
are identified as Ni2B (211) at 20 = 45.24° and Ni3B
(201) at 20 = 46.32°. These compounds are harder
than the base alloy matrix, resulting in improved
wear resistance and mechanical properties [21,22].

Figure 2b illustrates the phase orientation and
structural characteristics of heat treated Ni-B-YSZ
coatings. The analysis reveals the presence of
several peaks, with notable peaks observed at 20 =
45.78° corresponding to the NiY (131) phase and at
20 =~ 46.89° corresponding to the YSZ (222) phase.

These peaks provide clear identification of the YSZ
material within the coating. The sharp and well-
defined nature of these peaks indicates a high degree
of crystallinity in the heat-treated coatings [23].
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Fig. 2. XRD spectra of (a) Ni-B alloy coatings
un-treated and treated condition and (b) heat
treated Ni-B-YSZ.

Figure 3a shows the EDX spectra containing 6-8%
of nickel and boron elements. The content of boron
is an influential factor for the mechanical and
corrosion properties of the coating. In the case of
Ni-B-YSZ electroless coating (Fig 3b), the EDX
analysis reveals the presence of Y and Zr elements,
providing information about their distribution within
the coating. Additionally, any potential impurities or
undesired elements that could influence the coating’s
performance can be identified through this analysis.
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Fig. 3. The EDX elemental composition includes
coatings made of (a) Ni-B alloy and (b) Ni-B-YSZ
composite.

Vickers® microhardness is employed to assess
hardness of the coatings. Upon heat treatment,
the untreated Ni-B coating exhibits an increase in
hardness from 806 + 10 HV0.1 to 1080 + 14 HVO0.1.
In comparison, the substrate exhibits a hardness of
364 = 12 HVO0.1. The transition from amorphous
to crystalline phases during the annealing process
is responsible for the noticeable improvement in
hardness of the coating. Additionally, the structural
arrangement of tetragonal boron within the coating
contributes to the enhanced hardness [24-26].

The untreated Ni-B-YSZ coating exhibits a hardness
value of 980 = 12 HVO0.1, which increases to 1265
+ 16 HVO0.1 after undergoing heat treatment. It is
primarily due to the Orowan dispersion strengthening
process. In this mechanism, the dispersed particles
within the coating serve as obstacles, impeding the
movement of dislocations and offering additional
resistance. Several factors, including the distance
between dispersed particles, the ability of hard
particles to prevent dislocation motion, and the
influence of grain refinement, contribute to the
overall strengthening effect [11].

3.2 Corrosion properties

Figure 4a demonstrates the Tafel extrapolation
curve, providing insights into the mixed anodic and
cathodic reaction. The corrosion potential (Ecorr)
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and logarithm of current density (icorr) were
obtained by extrapolating the data from the cathodic
and anodic branches of the polarization curves (pc
and Pa, respectively). Additionally, the polarization
resistance (Rp) was calculated using the Stern-
Geary equation, as described in Eq. (1) [27]. The
resulting values are summarized in Table 2.

Ba* Be

2.303 *igorr™ (Ba tBe)

The Ni-B as-plated coating displays a lower
corrosion current density (icorr) and a noble shift
in corrosion potential (Ecorr) compared to the
substrate, indicating improved protective ability.
The cathodic overpotential reaction also shows
a lower response, indicating a higher absorption
of dissolved oxygen compared to the substrate.
Additionally, the cathodic curve, except for the
substrate, exhibits a similar reaction for coatings.
The corrosion resistance of the heat-treated Ni-B
coating is inferior to that of the Ni-B coating in its
as-plated state. This is attributed to the presence of
a non-homogeneous and amorphous structure in the
as-plated coatings. The absence of a well-defined
crystal structure in the as-plated state reduces the
availability of sites for corrosion initiation, thereby
improving the corrosion resistance of the coating
[28].

In the case of heat-treated nanocomposite coatings,
exhibit relatively higher corrosion resistance.
It exhibited the highest Rp value of ~ 36 kQ-
cm? (Table 2). This improvement in passivation
behaviour can be attributed to several factors.
Firstly, the heat treatment promotes the formation
of a more protective and stable oxide layer on the
coating surface, which acts as a barrier against
corrosion. Secondly, the transformation to a more
crystalline structure enhances the coating’s overall
corrosion resistance and passivation properties.
Further, particle dispersion causes grain boundary
obstruction, caused improved microstructure reduces
the availability of corrosion pathways, hindering the

diffusion of corrosive species and slowing down the
corrosion process. Also, the interactions between
the matrix and nanoparticles can create interfaces
and boundaries that impede corrosion propagation,
further enhancing the overall corrosion resistance
[29,30].

On the other hand, in the as-plated state of
nanocomposites, the corrosion processes may be
accelerated due to the formation of micro-galvanic
couplings between the matrix and particles. These
micro-galvanic cells arise from the difference in
electrochemical potentials between the dissimilar
materials. As a result, an electrochemical reaction
takes place, involving the transfer of electrons from
the more active material (anode) to the less active
material (cathode) within the galvanic cell. This
electron transfer leads to the corrosion of the anodic
material and the dissolution process during this
anodic reaction [31].

The EIS technique was employed to obtain a
Nyquist plot (Fig. 4b), which was then curve-fitted
using an equivalent circuit. Figure 4b’ represents the
inset of substrate with equivalent circuit, while Fig.
4b” represent the other coatings circuit. Rs denotes
the resistance of the electrolyte solution, while
Rct represents the charge transfer resistance. To
account for the non-ideal behaviour of the double
layer capacitance, a constant phase element, Qf, is
employed. The double layer capacitance represents
the charge transfer reaction occurring at the interface
of coating and substrate called Qd.
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Fig. 4. Potentiodynamic polarization and EIS results
for the substrate, Ni-B and Ni-B-YSZ (a) Tafel curve
(b) Nyquist Curve (b’) Nyquist Equivalent circuit
for substrate and (b””) coatings (¢) Bode impedance
and (d) Bode phase angle plot.

The substrate exhibits a capacitance loop accordance
to the charge transfer reaction, which can be assessed
based on the diameter of the loop [26]. The enhanced
resistance to corrosion of amorphous coatings can
be attributed to lack of distinct crystallographic

orientations or preferential pathways for corrosion
propagation. Additionally, the amorphous coatings
have higher chemical stability due to their disordered
atomic arrangement, resulting in higher resistance
than heat-treated ones [24]. Simultaneously, in other
side, the charge transfer resistance (Rct) of the heat-
treated Ni-B alloy coating 1s lower compared to that
of the as-plated coating.

Table 2. The estimated corrosion parameters
with use of potentiodynamic polarization curve.

e B, B R

Rct CR

SZ:;‘E w5 WA mV/ mV/ (kOQ- (kQ- (mm/
cm?) dec) dec) cm?) cm?) yr)
Substrate -0.56 22.0 134 708 223 4.18 0.507
Ni-Bas 46 002 134 100 27.06 23.88 0.019
plated
Ni-B, HT -0.51 1.18 134 146 25.66 17.83 0.025
NEB-YSZ- a¢ 101 133 148 30.15 3134 0.035
as plated
N"BPgSZ’ 2036 0.65 128 95 3647 35.19 0.022

The inclusion of nanocomposite coatings leads
to an expansion of the Nyquist curve diameter,
indicating an improvement in corrosion resistance.
Specifically, in heat-treated conditions, the charge
transfer resistance (Rct) of YSZ nano coatings
is 35 kQ.cm?, which is notably higher than that
of Ni-B/aZrP nano coatings (25 kQ.cm?) [32].
Moreover, when compared to other nano coatings
such as Ni-B-ALO, [21] and Ni-P-ZrO, [27], the
value for YSZ nano coatings is approx. four and
seven times higher, respectively. It should be noted
that direct comparisons between these values are
challenging due to variations in particle materials,
matrix compositions, synthesis techniques for
particle size and dispersion, and coating uniformity.
Nevertheless, this demonstrates the better process
control, ability of nanoparticle reinforcements to fill
cracks and defects, resulting in enhanced corrosion
resistance [31]. The as-plated Ni-B-YSZ shows
slightly lower corrosion protection compared to the
treated condition. This may be due to the porosity
of the coating. These defects provide pathways
for corrosive species to penetrate and attack the
substrate. Additionally, the as-plated coating may
have a less uniform and less dense microstructure
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compared to the heat treated coating. This can result
in the exposure of more active sites on the surface,
increasing the likelihood of corrosion initiation and
propagation.

A Bode plot is a valuable graphical tool that
provides important insights into the frequency
response of a system. It comprises of two plots: one
illustrating the magnitude response and the other
illustrating the phase response, as depicted in Fig.
4 (c and d). It is crucial to analyze the phase shift
in conjunction with the corresponding magnitude
response. The substrate exhibits unstable corrosion
at lower frequencies, indicating lower resistance
to corrosion. The as-plated coating of Ni-B alloy
demonstrates a higher and stable magnitude,
suggesting a significant resistance component
associated with processes such as charge transfer
resistance, diffusion, or ionic conduction. The heat-
treated Ni-B coating shows lower impedance than
as plated coating. In contrast, the heat-treated Ni-
B-YSZ composite coating shows larger impedance
than the as-plated coating. A higher magnitude in
the impedance plot indicates a significant capacitive
component, indicating the presence of a dielectric
layer, oxide film, or double-layer capacitance at
the electrode-electrolyte contact. The behaviour
of impedance with respect to frequencies provides
an indirect indication of the coating’s low porosity,
compact microstructure, columnar structure,
chemical stability, and particle dispersion properties
[33].

Further investigation of the Bode phase shift
reveals similar resistance characteristics among
the coatings. The existence of second-phase angle
peaks found at the intersection of low frequencies
in the Bode phase plot is recognised by experts
as a sign of increased corrosion resistance [29].
The substrate demonstrates a bell-shaped curve
indicating the continuous corrosion activity. The
as-plated Ni-B coating shows a progressive shift,
indicating the presence of a capacitive element
at the contact area. The heat-treated Ni-B coating
illustrates a shift towards higher frequencies,
indicating a capacitive behaviour. The negative
second phase shift observed at low frequencies in
the nano-coatings indicates capacitive behavior
associated with charge storage, often observed in
passive or protective films on metal surfaces [34].

The similar second phase shift observed in the as-
plated state of nanocomposite coatings suggests
a comparatively reduced resistance to corrosion.
The phase shift provides valuable insights into
the favourable kinetics and reaction mechanisms
involved in the corrosion process.

As a result, the as-plated Ni-B alloy coating
demonstrated the lowest corrosion rate (CR) of
approx. 0.019 mm/yr. (Table 2), while also having
relatively low strength. Conversely, the treated Ni-
B-YSZ coatings exhibited the highest strength with
a comparable corrosion rate of 0.022 mm/yr.

4. Conclusions

In conclusion, an electroless nanocomposite coating
was successfully applied by utilizing YSZ particles
reinforced with a Ni-B matrix. This study’s principal
findings are summarised below:

a) Incorporating YSZ nanoparticles contributes to
forming a more continuous and homogeneous
Ni-B matrix, leading to a reduction in inherent
defects in the coating.

b) Heat treatment enhances the mechanical
characteristics of the coatings by promoting the
formation of boride phases, including Ni,B and
Ni B, resulting in higher microhardness.

c) The corrosion resistance is deteriorated in heat
treated condition than as-plated in case of Ni-B
alloy coating.

d) Incontrast, the corrosion resistance of Ni-B-YSZ
coatings improves considerably with increased
charge transfer resistance (~35 KQ.cm?) under
heat-treated conditions over as-plated states.

These findings emphasize the potential of electroless
Ni-B-YSZ composite coatings for diverse
applications, surpassing the performance of recent
ceramic nano coatings.
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The modern advances in technology has enabled all
the branches of science to provide new insights into
the origin of the universe and “Big Bang theory [1]”
is a typical example. The researchers involved in the
field of chemical Kinetics and the electrochemists
[2-4] too are involved in new approaches, for
unravelling the isomorphism between chemical
kinetics and electrode kinetics. The reaction constant
‘k’ of the chemical reaction is often perceived as a
scalar quantity by the chemical kinetics researchers
whereas the electrochemists have accepted it as a
vector quantity which builds up the new product
from the reactants. The concentration goes as the
parameter inthe Kinetics whereas the electrochemists
refer to the “current density” as vector parameter
along with concentrations. The electrolysis process
mimics the nature in almost all the oxidation and
reduction reactions [5-7].

Thus, the general form of the Chemical equation

[Reactants] = [Products] +energy — @
can now be expressed as

Chemical
Concentration substance formed
of the charge within from or on
interms of  |2| the surface of the |tenergy — (2)
current denisty substrate cathode
(Vector quantity) compex of scalar
and vector quantity.

concentration
of the reacting
material

Mass of the
}
(Scalar quantity)

The product formed from the reversible reaction
is ascertained by the forward directional growth
of the reaction. The concepts of the reactant and
the product can be clarified using derivative and
antiderivative notions. The derivative term goes to
the product side, leaving behind the antiderivative
concept for the reactant.

Introductions of the new concepts of scalar and the
electrolytes in terms of the vectors quantities leads
to:

of the charge
in terms of
current denisty
(Vector quantity)

N

of the reacting
material

(Scalar quantity)

to the surface of the

Mass of the
concentration
X
substrate cathode

Concentration ‘ l Chemical

substance formed
within from or on |[renergy — {2}

A B C
i.e [A][B]2C

in ionic forms

(M ] + E] S (M el + [ ] 2 (Ml [£] = [V sondstom i eyt e A=nFE (3}
The ultimate antiderivative of [M*3] is the M itself
The ultimate antiderivative of [M ] is the M itself

The antiderivative [€] is the part of the energy.
The antiderivative of the universe and of the
vacuum encompasses the space chemistry and the
antiderivatives of space chemistry goes to the galaxy
and so on. The above reactions can be expressed in
empirical form as shown below {4}

[Mass]uni . [ VacuumJuni = = [(M""")aq]+[Anionaq] +energy —{4}

The reactions of the mass and of the vacuum of {4}
the universe goes on to that space of the universe
which in turn goes to as that of the galaxies. These
subtle concepts seem to be implied by Bragg and
Bragg and Sommerfeld while studying the spectra.

Such situation has the occasion to generate
chemisorbed product of the mass and vacuum which
in turn generates the Electron and other ingredients
of the nucleons and form ionosphere of the chain
reactions of the Electron massive surfaces.

J J Thomson was successful in his endeavour
to break the ATOM into two ions of oppositely
charged particles (cation and electron). Willard
Gibbs enunciated the  Phase rule to study the
heterogeneous equilibrium.

(P+F)=C+2
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where

P = number of phases

F = number of the degrees of the freedom
C = number of components

2 =The number of natural forces required to generate
‘C’ from (P + F) phases

Substituting C =2,
(P+F) =4 - (6)

Let this number be also an algebraic term ‘z’ Hence

Thus, one can study the influence of variables in the
heterogeneous equilibrium system up to 4 phases of
the universe.

The phase diagram of sulphur may be considered
as a typical example, consisting of 4 phases with
negative parameter

(F=-1)

(®)

This negative parameter implies the presence of
the vacuum within the mass. Thus, the vacuum
present on both the sides of the mass plays the dual
role as the potential energy and the kinetic energy
respectively.

The method of electrolysis process of (0.25M
CuSO, +0.M H,SO,) of aqueous solution using
highly purified copper, electropolished single
crystal substrate follows the equation (4). The
coated surface of such crystals near its vacuum is
the deposition process. So, the second step now
involves the polarised form of faces of copper
ions. Hence the process repeats in a cyclic manner,
yielding multiple layers. There is thus the synergy
between massive phase of vacuum plane on the
single crystal cathodes of (100) and (111) planes
respectively. The adsorption deposition process
of the successive layers helps in this process. But
the crystal deposits on to the surfaces (110) planes
separates into two parts on either side of its central
planes at (m distance apart) giving the shape of the
propeller of the planes addressed as RIDGE crystals.

The intercepts obtained in the graph of logei ->n
(Over Potentials) at 10 mA/cm? current density of

10 Coulomb/ cm? are of the magnitudes of 2,2 and
4 of (100) (110) and (111) planes and yield i, of
polycrystalline substrates as

o= Y11 (ip)>=+/24 = 5 No of forces imparting the

surface of the crystal ----(10)

The magnitude of ‘C’ of the phase rule (5) goes to
‘2’ while studying the reactions of mass and vacuum
of the reversible reaction of the universe, which is
confirmed by the value of ‘C’ of J. J.Thomson’s
experiments of an atom splitting into two oppositely
charged particles. So if the process is on account of
both the processes then the total value of C becomes 4.

The substitution of this value in the phase rule one
gets

(P+F)=6

Let ‘z’ represent 6 in equation (10) then we can
reach dynamic form of phase rule as

(P+F) =2z -mmeeemv (10)

The differential study of equation (7) from
rectangular to the hexagonal... The study of the
copper crystals up to the hexagonal form, and the
study of sulphur system is in the lines of equation
form (5), up to the 3 phases of equilibrium and
indicates a negative value for the phase of Sulphur.
This may be attributed to the presence of vacuum in
the interior surfaces of sulphur. And the differential
study of equation (5) goes as the galvanostatic and
potentiostatic crystals of electrolysis.

(dp/de), = 1 =------ (11)and (dffdc), =1 —-mmmms (12)

The above considerations point out to the need for
the vector concepts in the electrolysis processes.
The current density plays a role similar to the
concentration in the chemical kinetics.

Conclusions

The importance of the derivative and antiderivative
concepts is indicated. The application of the phase
rule to interpret the possible shapes of the electro
crystalized products of electrolysis is emphasized in
a novel manner.
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Abstracta

Designing of electrode materials for sensing of biological compounds has been attracting researchers for
many decades. In this work, the nanocomposite electrode material, Copper nanoparticles (CuNPs) decorated
Poly(3,4-ethylenedioxythiophene)-reduced Graphene Oxide (PEDOT-rGO), was developed to modify the
Glassy carbon electrode (GCE) for the determination of the electrochemical characteristics of dopamine on
a). The composite was characterised by common analytical techniques. The TEM image of the composite
showed the deposition of CuNPs on PEDOT-rGO. Cyclic voltammetric studies were carried out on PEDOT-
rGO-CuNPs at pH 6.0. Differential Pulse Voltammetry (DPV) was used to study the relationship between
response current and dopamine concentration. The linear range of dopamine concentration was obtained
as 3x10-% to 6.4x10-> M and lower limit of detection 5x10 M. The composite, PEDOT-rGO-CuNPs, was
verified excellent for the detection of dopamine.

Keywords: Dopamine; CuNPs; Electrochemical sensors; PEDOT; rGO, composite

1. Introduction ions [6]. Graphene oxide (GO) is of great interest
due to its low cost, easy access and widespread
ability to convert back to graphene. GO is viewed
as the precursor to produce graphene (reduced GO)
by chemical and thermal reduction. Furthermore, in
recent years, many GO derivatives, such as GO-based
composites, GO-based coating and thin films, as well
as GO-based nanoparticles, emerged as functional
materials for various applications [7-8]. The aim of
this work is to study the electrochemical behaviour
and the direct electrochemical determination of

dopamine by developing a composite composed

Dopamine plays a critical role in the way our
brain controls our movements and is thought to
be a crucial part of the basal ganglia motor loop
[1, 2]. Thus, shortage of dopamine, particularly
the death of dopamine neurons in the nigrostriatal
pathway, is the cause of Parkinson’s disease, in
which a person loses the ability to execute smooth
and controlled movements [3]. So, its quantitative
determination in a living body is crucial, therefore,
dopamine sensor is a device of importance in the
analytical task. Poly(3,4-ethylenedioxythiophene)

(PEDOT) is one of the most commonly employed
conducting polymer in many fields because of its
excellent electrochemical and optical properties [4,
5]. This polymer can be simply obtained by anodic
oxidation of the relevant monomer, even in aqueous
solutions, in the presence of various anionic counter-

of CuNPs decorated on PEDOT-rGO. Advantages
of the modified glassy carbon electrode and
electrochemical techniques led to a development
of a sensor for dopamine with features of low cost,
sensitivity selectivity and reproducibility of the
method.

J. Electrochem Soc. India, Vol. (72) 3&4 - 2023 Page No.74-80



75 Development of electrochemical sensor for dopamine using PEDOT-rGO-CuNPs modified electrode

2. Experimental

Dopamine was purchased from Alfa Aesar
3,4-ethylenedioxythiophene (EDOT) from Sigma
Aldrich (India). Copper sulphate, sodium sulphate,
di-potassium hydrogen phosphate and potassium
dihydrogen phosphate from Merck (India) were
used as received.

2.1. Fabrication of PEDOT-rGO-CuNPs

PEDOT-GO was deposited on the GCE. GO doped
PEDOT film was deposited by electro-polymerisation
method on the GC electrode by potential cycling from
-0.2 to 1.2V vs Ag/AgCl at a scan rate of S0mV/s.
Solution containing 10 mM of EDOT and 1 mgml!
of GO was used. The electrochemical reduction of
PEDOT-GO was carried by amperometric method
by applying -0.9V for 600s in the presence of pH
7.4. For the further deposition of Cu nanoparticles,
the PEDOT-rGO nanocomposite modified electrode
was deposited solution containing 10 mM of CuSO,
and 100 mM of Na_ SO, and electrodeposition was
carried out at a potential of -1.0V (vs. Ag/AgCl) for
200 s [9].

3. Results and Discussions
3.1. Surface Study

The scanning electron microscopy (SEM) image of
PEDOT-GO and PEDOT-rGO modified electrode
was discussed earlier [10]. Cu nanoparticles on the
PEDOT-rGO surface was studied by SEM and AFM.
The SEM image of Cu NPS -PEDOT-rGO showed
random distribution CuNPs on the surface (Fig.
1a). The surface roughness parameters, indicated as
mean roughness (Ra), root mean square of Z data
(Rq) and mean difference (Rz) in the five highest
peaks and five lowest valleys were 3.2, 28 and 34.
The surface roughness of PEDOT-rGO- CuNPS is
shown in Fig. 1b. The GO was electrochemically
reduced and its surface exhibited higher roughness
as shown in AFM. Porous morphology was observed
for PEDOT-rGO-CuNPs electrode which confirms
incorporation of CuNPs in the modified electrode.

Fig.1. SEM images of a) PEDOT-rGO-CuNPs and
AFM images of b) PEDOT-rGO-CuNPs.

3.2. Fourier Transform Infrared (FT-IR)

The following FT-IR peaks indicate the presence
of characteristic functional group in PEDOT-GO
(Fig.2a). The peak at 3401 cm is due to —O-H
stretching vibration. The peak at 1645cm™ corresponds
the —C=0O stretching vibration, 1084 cm-1
corresponding to the —C-O- stretching vibration,
peaks at 988 and 863 cm’ attribute due to —C-S
bending vibration in the PEDOT-GO presented
in (curve a). Similar peaks at 3435 cm! for ~O-H
stretching vibration, peaks at 1035 and 1394 cm™! are
corresponding to —C-O, -C-H bending vibrations,
respectively. The absence of peak at 1645 cm’!
suggests that GO is reduced to rGO (Fig. 2b). The
presence CuNPs are absorption band at 624 and 689
cm'suggests CuNPs asymmetric stretching bond
was observed (Fig. 2c).
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Fig. 2. FT-IR spectrum of a) PEDOT-GO, b) PEDOT-
rGO and ¢) PEDOT-rGO-CuNPs. SEM images of a)
PEDOT-GO, b) PEDOT-rGO and c) PEDOT-rGO-
CuNPs.

3.3. Electrochemical studies of PEDOT-rGO-

CuNPs

The cyclic voltammograms (CV) of 1mM [Fe
(CN),’* on the bare GC electrode (curve a),
PEDOT-GO (curve b), PEDOT-rGO (curve c¢) and
PEDOT-rGO- CuNPs (curve d) modified electrodes
were recorded in 0.1M of KCI at a scan rate of 50
mVs! (Fig. 3A). Modification of the PEDOT-GO
(curve b), PEDOT-rGO (curve c) GC electrode led
to an increase in the peak current when compared
to the bare GC electrode. This could be attributed
to high surface coverage and electrocatalysis. Now,
the modification of PEDOT-rGO-CuNPs onto the
GC electrode significantly increased the redox peak
current compared to the other modified electrodes.
This is due to the conducting surface on the electrode.

Performance of the modified electrode was further
studied by Electrochemical Impedance Spectroscopy
(EIS), which provides useful information on the
modification of the electrode surface. The charge
transfer resistance is indicated by semicircle
portion. The charge transfer process of the CuNP-
PEDOT-rGO modified GC electrode was recorded
by monitoring charge transfer resistance (R)
at the electrode/electrolyte interface. Therefore,
the modified electrode agreed with the Randles
equivalent circuit of R (Q (R W)). In this circuit,

R_ is the solution resistance, Q, is the capacitance,
R is the charge transfer resistance of the modified
electrode PEDOT-GO—-PPO and W is the Warburg
element. Fig. 3B displays the EIS of bare GC (curve
a), PEDOT-GO (curve b), PEDOT-rGO (curve c¢) and
CuNP-PEDOT-rGO (curve d) modified electrodes
at the polarization potential 25 mV and frequency
of 1-1,00,000 Hz. The Nyquist diagrams for bare,
PEDOT-GO, PEDOT-rGO and PEDOT-rGO-
CuNPs arrived at the R values of 359, 143, 105 and
65 Q, respectively. Comparatively, the R  value of
PEDOT-rGO-CuNPs (curve d) is the lowest one.
These results demonstrate that the large conducting
surface is present in PEDOT-rGO-CuNPs, which can
lead to good conducting reaction pathways between
the electrode/electrolyte interactions and provides a
good platform for sensing application.

The major parameter to set for response of the
sensor is pH. To set this, 0.1mM of dopamine was
mixed with the buffer solution. The pH is a highly
affecting parameter for the sensor. There is a close
relationship between the response current and pH.
Fig.3C shows effect of pH on the response current of
the PEDOT-rGO-CuNPs sensor. Response current
for the sensor at the pH 4 - 8 was studied for 0.1mM
of dopamine. The activity of the sensor decreased
below and above pH 7.0. However, the change of
response current with increase of pH with decrease
of conductivity of the sensor was observed. The
sensor PEDOT-rGO-CuNPs got good response
current. The optimum pH of the sensor was 7.0
to detect dopamine using this nanocompsite. Fig.
3D shows the cyclic voltammograms of 0.lmM
dopamine on plain bare GC (curve a), PEDOT-
GO (curve b), PEDOT-rGO (curve c) and PEDOT-
rGO-CuNPs (curve d) at pH 7.0. There was a
characteristic reversible redox peak observed in the
curve a. When the modified electrode employed, the
redox peaks became quasi reversible and increase
in the oxidation and reduction peak currents were
observed. This indicates that the modified GCE
catalyzes the oxidation and reduction of dopamine.
In all the cases, dopamine and o-dopaquinone redox
reaction was observed. Comparatively, the highest
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redox currents for dopamine were observed only at
PEDOT-rGO-CuNPs-GCE electrode.  Dopamine
showed 2e-process. This confirms the effective
incorporation of CuNPs onto the PEDOT-rGO
matrix and better sensing capability of the modified
electrode.
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Fig. 3A. Cyclic Voltammetric studies in the presence
of 1 mM [Fe(CN),J*”* in 0.1 M KCI. B) EIS of
(a) GCE (b) PEDOT-GO,(c) PEDOT-rGO and (d)
PEDOT-rGO-CuNPsv measured in presence of 1
mM [Fe(CN), [*"* in 0.1 M KCI. C) Effect of pH by
response current study for the PEDOT-rGO-CuNPs.
D) CVs obtained for dopamine of 0.01mM at the (a)
bare GC, (b) PEDOT-GO (c¢) PEDOT-rGO and (d)
PEDOT-rGO-CuNPs in PB solution (pH 7.0) at a
scan rate of 50 mVs™.

3.4. Effect of concentration

Differential pulse voltammetry was employed to
determine the concentration of dopamine by using
the PEDOT-rGO-CuNPs/GCE. The DPVs (Fig.
4A) were recorded for dopamine with different
known concentrations under identical experimental
conditions and in each voltammogram the oxidation
peak current was measured. The peak currents
were correlated with the dopamine concentration.
The concentration of dopamine was directly
proportional to the response current at pH 7.0 in a
particular range and then it reached a steady state.
The catalytic reaction was a first-order reaction, in
the linear range and attained steady state and then
it followed zero-order kinetics. The linear range
of dopamine concentrations (Fig. 4B) showed a
detection range 3x10® to 6.4x10° M and the lower
limit of detection determined was equal to 5x10°M.
The experimental results showed that the methods
were simple and rapid with high accuracy. A plot of
inverse of current verses substrate concentration was
constructed to find out maximum current response
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(/). The (I )was 1.24x10*pA which showed the
possibility of detection of dopamine at both low and
high concentrations. The modified electrode was
compared with already existing sensors, and the
results are shown in table.1.

Table 1. Comparison of existing electrode for
neurotransmitters with PEDOT-rGO-CulNPs

SI. | Modified | Linear Range |Lower Limit of| Refer-
No.| Electrode (M) Detection (uM)| ence
Au@PSi- . .
1. P3HT/GCE 1to460x 10 0.63x10 11
AuNPs/
2. PM/CPE 02to 11 x10°| 0.067 x 10 12
electrodes
3. | PT/Au/CNT | 1.0to 10 x 10° 0.69 x 10° 13
OPEDOT-
4. AuNPs— [4.0to 100 x 10 1.0x10° 14
ERGO
Ti,C /G-
5. | MWCNTs/ |0.01 to 30 x 10 32x10° 15
ZnO
Ag/PPy/ | 0.01 to 250 x
. .0124x 10° 1
% | Cu,0/GCE 10° 0012410 6
PEDOT-rGO- P o This
7. CuNPs 0.03to 64 x 10 5x 10 Work

The results of amperometric response of dopamine
in presence of potential interferences such as
ascorbic acid, D-glucose and L-glutamic acid with
phosphate buffer at pH 7.0 are illustrated in Fig. 4C.
The interfering substances were added serially to
the same solution and the DPV measurements were
carried out. As there was no change in the current
response, the selectivity of the sensing is verified
excellent.
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Fig.4A.DPVsof PEDOT-rGO-CuNPsfilmdopamine
concentrations buffer (a-1). (B) Correlation between
response current and dopamine concentration at pH
7.0 and 25.0°C. (C) Effect of interference on the
response of the dopamine biosensor.

3.5. Recovery, Stability and Reproducibility

The performance of the fabricated electrochemical
biosensor using PEDOT-rGO-CuNPs was compared
with the results of High-Performance Liquid
Chromatography (HPLC) for dopamine detection.
The quantification and percentage of recovery were
determined for live samples.

The recovery was determined by spiking a human

urine extract sample with three different additions
of dopamine. The standard of dopamine and one
human urine extract sample. The results obtained
from the present method and HPLC are compared in
the following table.
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Table.2 Determination of dopamine in human urine.

SI.  Sample Dopamine  Dopamine Recovery Dopamine Recovery

No. Spiked/M]  Found/M] (%) found by (%)
HPLC/M]

1 Human 1.00 x10° 0.99 x10° 99  0.98x10° 98
urine 1.00x107 1.03x 107 103  1.02 x107 102
2 Human 1.00 x10° 0.99 x10° 99  1.01x10° 101
urine 1.00x 107 1.01x 107 101 1.03x 107 103
Human 1.00x10°¢ 1.01x10°¢ 101 1.02x10° 102

urine 1.00x 107 1.04x 107 104 1.05x 107 105

4. Conclusion

PEDOT-rGO-CuNPs modified GCE electrode
fabricated for sensing of dopamine. The electrode
was very sensitive at pH 7.0. DPV was used to
study the relationship between response current
and dopamine concentration. The linear range
of dopamine obtained for the concentration of
dopamine was 3x10% to 6.4x10° M and the lower
limit of detection 5x10° M. So, the present electrode
material may be a convenient one for the fabrication

of electrochemical sensor towards dopamine
sensing.

Acknowledgement

The authors gratefully acknowledge RUSA

2.0 (Theme 2) Research Innovation & Quality
Improvement, University of Madras, Chennai
(Grant Ref no. C3/RI & QI /RUSA 2.0/Theme-2/
Award/2021/033) for providing funding.

Conflict of Interest
There is no conflict of interest
Reference

[1] Ronan Baron, Maya Zayats, Itamar Willner,
Ronan Baron, Maya Zayats, Itamar Willner,
Dopamine-, L-DOPA-, Adrenaline-, and
Noradrenaline-Induced  Growth of Au
Nanoparticles: Assays for the Detection
of Neurotransmitters and of Tyrosinase
Activity, Analytical Chemistry, 77 (6), 1566-
1571 (2005). Analytical Chemistry, 77 (6),
(2005) 1566-1571, https://doi.org/10.1021/
ac048691v.

2]

[3]

[4]

[5]

[6]

[7]

T.K.Aparna,
One-pot

R.Sivasubramanian, Mushtaq,
Au-Cu20/rGO
nanocomposite based electrochemical sensor
for selective and simultancous detection of

synthesis  of

dopamine and uric acid Journal of Alloys and
Compounds, (2012), 741, 1130-1141, https://
doi.org/10.1016/j.jallcom.2018.01.205.

Sarah X. Luo and Eric J. Huang, Dopaminergic
Neurons and Brain Reward Pathways: From
Neurogenesis to Circuit Assembly, The
186(3),
https://doi.org/10.1016/;.

American Journal of Pathology,
(2016)478-488
ajpath.2015.09.023

Noemi Rozlosnik, New directions in medical
biosensors employing poly(3.,4-ethylenedioxy
thiophene)  derivative-based  electrodes
Analytical and Bioanalytical Chemistry,
(2009)395(3), 637-645, DOI 10.1007/s00216-

009-2981-8.

H.Yoon, M.Chang, J.Jang, Formation of
1D Poly(3,4-ethylenedioxythiophene)
Nanomaterials in Reverse Microemulsions
and Their Application to Chemical
Sensors Advanced Functional
Materials,(2007)17(3),431436,https://doi.

org/10.1002/adfm.200600106

Stelain Lupu et al, Development of
Amperometric  Biosensors  Based on
Nanostructured Tyrosinase-Conducting
Polymer Composite Electrodes
(2013)13(5) 6759-6774,
org/10.3390/5s130506759

Sensors,
https://doi.

Kyungwha Chung et al., Enhancing the
Performance of Surface Plasmon Resonance
Biosensor via Modulation of Electron Density
at the Graphene—Gold Interface Advanced
Materials Interfaces, (2018) 5(19), 1800433,
https://doi.org/10.1002/admi.201800433.

J. Electrochem Soc. India



80

Development of electrochemical sensor for dopamine using PEDOT-rGO-CuNPs modified electrode

[8]

[9]

[10]

[11]

[12]

Uling Yang, Gang Li, Meifang Hu, Lingbo
Qu, Preparation of electrochemically reduced
graphene oxide/multi-wall carbon nanotubes
hybrid film modified electrode,
application to amperometric sensing of rutin,
Journal of Chemical Science, 126(4) (2014)
1021-1029, https://www.1as.ac.in/article/
fulltext/jcsc/126/04/1021-1029

and its

Sigiu Ye, Xinhao Shi, Wei Gu, Yixuan
Zhang,Yuezhong Xian, A  colorimetric
sensor based on catechol-terminated mixed
self-assembled monolayers modified gold
nanoparticles for ultrasensitive detections of
copper ions, Analyst, (2012)137, 3365-3371,

https://doi.org/10.1039/C2AN35311C.

V. Sethuraman, P. Muthuraja, J. Anandha Raj, P.
Manisankar, A highly sensitive electrochemical
biosensor for catechol wusing conducting
polymer reduced graphene oxide—metal oxide
enzyme modified electrode Biosensor and
Bioelectronics, (2016)84, 112-119, https://doi.
org/10.1016/j.bi0s.2015.12.074.

J.Ahmed, M.Faisal, S.A.Alsareii, M.Jalalah,
F.A Harraz, A novel gold-decorated porous

silicon-poly(3-hexylthiophene) ternary
nanocomposite as a highly sensitive
and selective non-enzymatic dopamine

electrochemical sensor Journal of Alloys and
Compounds, (2022) 931, 167403, https://doi.
org/10.1016/j.jallcom.2022.167403.

M.Harsini, et.al., Electrochemical synthesis
of polymelamine/gold nanoparticle modified
carbon paste electrode as voltammetric sensor
of dopamine Chinese Journal Analytical
Chemistry, 50, 100052 (2022), https://doi.
org/10.1016/j.cjac.2022.100052

[13]

[14]

[15]

[16]

C.S.Inagaki, et.al,, Facile and

dopamine

synthesis
sensing application of three
component nanocomposite thin films based
on polythiophene, gold nanoparticles and
carbon nanotubes, Journal of Electroanalytical
Chemistry, 840 (2019) 208-217 https://doi.

org/10.1016/j.jelechem.2019.03.066.

J.Pan,
Zhang,

M.Liu, D.Li
Overoxidized

H.Zheng, D.

poly(3.,4-
ethylenedioxythiophene)—gold nanoparticles—
the
simultaneous detection of dopamine and uric

graphene-modified  electrode  for
acid in the presence of ascorbic acid Journal of
Pharmaceutical Analysis, 11 (2021) 699-708,

https://doi.org/10.1016/j.jpha.2021.09.005.

Meijun Ni, Jia Chen, Chenxi Wang, Yilin

Wang, Linzi Huang, Weicheng Xiong,
Pengcheng Zhao, Yixi Xie, Junjie Fei, A
high-sensitive ~ dopamine electrochemical
sensor based on multilayer Ti,C, MXene,
graphitized multi-walled carbon nanotubes
and ZnO nanospheres Microchemical Journal,
(2022) 178, 107410, https://doi.org/10.1016/].

microc.2022.107410.

S.Selvarajan, A.Suganthi, M. Rajarajan, A
novel highly selective and sensitive detection
of serotonin based on Ag/polypyrrole/Cu,0O
nanocomposite modified glassy carbon
electrode Ultrasonics

(2018).44, 319-330

Sonochemistry,

J. Electrochem Soc. India



Electrochemical chemical performance of green synthesis of NiO-
Syzygium cumini complex as corrosion inhibitor on mild steel in
low pH environment

Sivakumar Sivalingam **, Jayagopi Gayathri ®, S.Suja ¢ and S.Mohandoss*

«b Department of Chemistry, Vel Tech Rangarajan Dr. Sagunthala R & D Institute of Science and
Technology, Avadi, Chennai-600 062.

¢ Department of Chemistry, S.A Engineering College, Chennai - 600 077.

4 Department of Chemistry, Rajalakshmi Engineering College, Thandalam, Chennai - 602 105.

" Corresponding author E-mail: drsivakumars@veltech.edu.in

Abstract

The efficiency of novel synthesized NiO-Syzygium cumini complex as a corrosion inhibitor was evaluated
on mild steel in 0.5 molar sulphuric acid by potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS) measurements. It was noticeably confirmed that the inhibition efficiency
increased with increasing concentration of inhibitor, due to a decrease in the corrosion currents and impeding
of the active sites. Due to presence of organic molecules from the NiO on the carbon steel surface was
confirmed by FT-IR spectroscopy. The adsorption of species on the alloy surface was modelled using the
Langmuir isotherm. A decrease in the carbon steel acid corrosion in the presence of NiO-Syzygium cumini
was also confirmed through contact angle measurements and scanning electron microscopy (SEM)

Keywords: Corrosion Inhibitor, Mild steel; PDP:, EIS, SEM

1. Introduction

Green synthesis methods in the field of chemistry are
going to be superior alternatives over conservative
synthesis methods. These recent methodologies
are more effective, modest, low cost, eco-friendly
and can be suitable for large scale manufacturing
processes [1]. In environmental science, metal
oxide nanoparticles play vital role for the adsorption
based on removal of metals from the wastewater [2].
Nanomaterials are potential materials that are cost-
effective, can be reused, and possess high stability
[3, 4]. Employing corrosion inhibitors is one of the
best practical methods for protection from corrosion
environment, specifically in acidic medium to
inhibit unexpected metal dissolution and acid
ingestion [5, 6]. Acidic solutions are widely used
for cleaning machinery parts that get affected by
corrosion. Corrosion inhibitors are used to minimize
material losses during the cleaning process [7].
In general, aromatic organic compounds that are

commonly used are harmful to the human health
and environment. Hence, eco-friendly materials
like plant extracts containing particular organic
molecules have been used as substitute to traditional
corrosion inhibitors. In general, organic molecules
are used as corrosion inhibitors and the activity is
attributed to their adsorption on the metal surface.
Due to the presence of heteroatoms like N, O, S,
P and C=C bonds contain 7 electrons that interact
with vacant metal d-orbitals [8-12]. Vegetal extracts
usually act as mixed inhibitors [13]. Natural extracts
show outstanding efficacy as environment-friendly
corrosion inhibitors which offer simple and practical
formulations and applied in low pH environment
[14]. The naturally occurring corrosion inhibitor on
mild steel such as caffeic acid [15], tannic acid and
gallic acid [16]. Some other organic molecules are
also examined as corrosion inhibitors that contain
alkaloids [17], flavonoids [18] and phenolic acids
[16]. Different nanoparticles and superficial modified
nanoparticles were used to increase the protective
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barrier properties of epoxy coating [19-27]. Nickel
oxide (NiO) is a transition metal oxide with cubic
structure and is drawing increasing attention due to
its potential use for a variety of applications such
as: catalysis [28], electrochromic films [29], battery
cathodes [30, 31], gas sensors [32], and magnetic
materials [33]. It exhibits anodic electrochromism,
excellent durability and electrochemical stability,
large spin optical density and various manufacturing
possibilities. It can also be widely used in dye
sensitized photocathodes [34]. The inhibitor is
used mostly for protection against corrosion in acid
environment. In most of the industries inhibitors
are used to control metal dissolution, particularly
in acidic, basic and neutral environments. In most
of the industries, efficient corrosion inhibitors used
are organic compounds that contains at least one
functional group (Hetero atoms) which act as active
centre for the adsorption on the surface metal and
blocking the active sites on the metal [35]. Most of
the industrial machine parts are made of mild steel
and machinery parts are cleaned using descaling
and acid pickling. To overcome the drawbacks, it
has been envisaged to use nickel oxide to form a
complex, due to less toxicity compared with other
metal oxides and are also eco-friendly to our
environment. Hence, in the present study, the novel
NiO-syzygium cumini complex has been prepared
by a novel green synthesis method and its corrosion
inhibition, its characterization techniques followed
by the electrochemical performance of the corrosion
inhibitor complex in low pH environment

2. Materials and Methods
2.1 Instrumentation

Pellets made from NiO-Syzygium cumini complex
and KBr were subjected to FTIR investigation on
a Perkin-Elmer 337 spectrometer in the frequency
range between 4000-500 cm™. XRD spectrum was
record using Rigaku Maniflex diffractometer (Japan)
and JSM-6390 Scanning Electron Microscope was
used to determine the structural morphology of
the synthesized NiO-Syzygium cumini complex
materials. EIS and Potentiodynamic polarization
studies were registered in ECLAB 10.37 model
instrument. Weight loss method (gravimetric) was
used for the study of corrosion inhibition efficiency.

2.2 Preparation of aqueous leaf extract of
syzygium cumini (java plum)

Syzygium cumini (Java plum) leaves were collected
from Veltech University, Chennai, Tamil Nadu,
India. The freshly prepared leaf extract was slightly
modified as reported in literature [36]. The collected
Syzygium cumini leaves were washed with double-
distilled water repeatedly to remove the impurities.
Then, 10 g of sample leaf was powdered and boiled
in 200 ml of double distilled water for 30 min until
the colour changes to dark solution. The leaf extract
was filtered by Whatman filter paper grade No. 1
filter paper. The filtrate solution was used for further
analysis.

2.3 Green synthesis of nickel oxide nanoparticles
(NiO NPs)

20 ml of aqueous Syzygium cumini leaf extract was
added into 200 ml of 0.1 M nickel nitrate aqueous
solution at normal room temperature. The mixed
solution was further heated to 60 °C with constant
magnetic stirring for 1 h. The reaction mixture was
adjusted at a pH of 10 using sodium hydroxide until
acquiring greyish green powder [37]. The resultant
product was allowed to cool and centrifuged for 15
min. The precipitate collected was dried at around
400 °C in hot air oven for 2 h. The dried powder
samples were used for further characterization.
The steps involved in the formation of nickel oxide
nanoparticles using green synthesis approach are
shown in scheme.
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Scheme.1. The mechanism of formation of green
synthesized nickel oxide nanoparticles
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3. Results and discussion

3.1 FTIR analysis NiO-Syzygium cumini complex
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Fig. 1. FT-IR spectrum of NiO-Syzygium cumini
complex

The FTIR spectrum of NiO-Syzygium cumini
complex synthesized from the leaf extract in the
range of 4000-500 cm™! is shown in Fig.1. The FT-
IR spectrum shows stretching vibrations at 3403
cm™ due to hydroxyl ions presence, 3300 cm™ due
to stretching frequency of -NH, 1631 cm™ due to
carbonyl group, 1446 cm” and 1072 cm™ due to
stretching frequency of aromatic saturated and
unsaturated carbon atom (Fig.1). These strong
peaks indicate the presence of -OH, -NH, -C=0,
C=C and C-C groups on the surface of nickel oxide
nanoparticles. The IR band at 800 cm™ is due to
stretching band of nickel oxide [37, 38].

3.2 XRD analysis of NiO-Syzygium cumini
complex
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Fig. 2. XRD pattern of NiO-Syzygium cumini
complex

The broader peaks (Fig.2) in the XRD pattern of
nickel oxide- Syzygium cumini complex confirmed

that the formation of NiO nano particles [24]. The
characteristic peaks of NiO nanoparticles were
observed at 23.8° (012), 36.02° (110), 38.73° (320)
49.80° (024), 62.70° (214) and 61.17° (300) in the
XRD pattern [37, 38].

3.3 SEM/EDX analysis of NiO-Syzygium cumini
complex

The scanning electron microscope (SEM) image of
NiO-Syzygium cumini complex is shown in Fig.3.
Fig. 3(A) shows that the granular like structure
having diameter 61.69 nm to 84.70 nm. Some slight
modification in synthesis process results in the
modification of spherical shape to irregular shape
[22,36,37]. The EDX analysis (Fig. 3(B)), showed
the presence of Ni, O, C and N in the NiO-Syzygium
complex that acts as protective layer in aggressive
environment [39].

Spectrum-3

B

Fig. 3 SEM image and EDX of NiO-Syzygium
cumini complex

3.4 Preparation of electrode materials

Plates of mild steel, having dimension of 4 cm x 2
cm x 0.2 cm with the composition corresponding to
C: 0.21%, Si: 0.035%, Mn: 0.25%, P: 0.082% and
Fe: 99.28% were abraded with various grades of
emery papers. The abraded specimens were cleaned
by distilled water, ethanol, acetone and desiccated.
Gravimetric studies were accomplished with freshly
polished coupons [26].

3.5 Preparation of hostile solutions

0.5 M aggressive solution used for dwindling of
metal pieces were obtained by diluting the AR. grade
sulphuric acid. Solutions employed for inhibition
measurements were prepared by adding different
amounts of NiO-Syzygium cumini complex (100-
500 ppm) to hostile solutions.
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3.6. Exploration of inhibition property
3.6.1 Deterioration measurements

NiO-Syzygium cumini complex was synthesized
using various proportions of NiO and plant leaf
extract. Among them, the composition containing 10
g leaf extract and 0.1M of nickel nitrate gave good
inhibition properties on mild steel in aggressive
environments. Effect of aggressive environment on
mild steel surfaces was estimated by evaluating the
loss in weight on keeping the pre weighed mild steel
in 250 ml of blank and test solutions. The corroded
mild steel coupons were removed from the low pH

environment at regular two hour time intervals up to
8 h and cleaned with bristle brush in distilled water
repeatedly, absolute ethanol and acetone. They were
reweighed to determine inhibition efficacy (IE %)
and surface coverage (0) after drying. The formulae
reported earlier [35] were adopted to calculate the
above said parameters and are presented in Table 1
%Efficiency = =2 X100 g (1)
Where W. and W are weight loss values
(g) on mild steel in 0.5 M H,SO, with and
without ~ NiO-Syzygium  cumini  complex,
respectively.

Table 1: Values of IE and 0 deliberated from the weight loss measurements in 0.5 M blank and test solutions.

Conc. Of 2 hrs 4hrs Ohrs 8hrs
Composite
(ppm) Weight | LE Weight | LE Weight | LE Weight | LE
(%) (5] (%) (5] (%) o (%) |©
Blank 0.3495 | - 0.3727 |- 0.5836 |- 0.8190 | -
100 0.1217 | 65 0.6517 |0.0737 |80 0.8022 | 0.0803 | 86 0.8624 |0.0808 |90 |0.9013
200 0.1183 | 66 0.6615 | 0.0701 |81 0.81 0.0649 | 88 0.887 [0.0627 |92 |0.9234
300 0.0666 | 80 0.8094 | 0.0671 |81 0.8199 |0.0555 |90 0.9049 |0.0555 |93 0.9322
400 0.0231 |93 0.9339 |[0.0221 |94 0.9407 | 0.0287 |95 09508 |0.0171 |97 |0.97912
500 0.0169 |95 0.9516 |0.0161 |95 0.9546 |0.0224 |96 0.9616 |0.0235 |97 |0.9724

8 howrs
6 hours

%ZEfficiency

400

100 200 300 500

2 hours ™4 hours ®6hours #S8hours

Concentration with Time (hours)

Fig. 4. Inhibition efficiency portrayal by bar chart
for 0.5 M test solution

Data provided in the above table reveals that the
NiO-Syzygium cumini complex is competent of
giving protection against 0.5 M acidic solution
with 97% efficacy for 500 ppm concentration of
inhibitor solution at 8 h. Above results indicate that
NiO-Syzygium cumini complex can be added with
cleaning agents having acidic concentration less
than or equal to 0.5 M [40].

3.6.2 Potentiodynamic polarization studies

The potentiodynamic polarization was conducted
as per ASTM 415 to study the mild steel specimen
response in 0.5 M sulphuric acid with the addition
of different concentrations of WNiO-Syzygium
cumini complex. Fig. 5 shows the Tafel polarization
curves of the working electrode submerged in
the NiO-Syzygium cumini complex inhibitor at
concentrations of 100, 200, 300, 400, and 500 ppm,
including the blank solution measured at normal
room temperature. The electrochemical parameters
such as corrosion current density (I ), corrosion
potential (E_ ), anodic (Ba) and cathodic (Bc) Tafel
slopes, and inhibition efficiency (n). Fig. 5 shows
that the anodic and cathodic Tafel curves shift to
a lower current density (I ) after the addition of
NiO-Syzygium cumini complex inhibitors. In the
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repressed working electrode, the corrosion potential
(E,,.), shifted towards the negative region. On
the other hand, the corrosion current density (I )
shows desperation when the inhibitor is mixed to
the test solution. The results of calculated E__ and
I similarly indicate the corrosion protection of the
inhibitor. Table. 2 shows the recorded data of some
Ba, Bc and

n efficiency to obtain from the corrosion process,

electrochemical parameters E

corr”  ~corr’

including the calculation of inhibition efficiency, 1,
using as shown below equation (2):

I%corr—Icorr

%n Ef ficiency = X100 2

19corr

In the above equation, I° and I are corrosion
corr corr

current densities in the absence and presence

of inhibitors [41].

polarization curve,

From the potentiodynamic
that when
increasing the inhibitor concentration 100 ppm to

we observed,

500 ppm, the corrosion current density (I ) value
decreases from (750 pA cm? to 201pA cm™) the
inhibition efficiency observed was 62% for 100 ppm
and 90% for 500 ppm. Since at lower concentration
itself higher efficiency was noticed and with further
addition there were no major changes.

a) Blank
-0.56- b) 100ppm
¢) 200ppm
d) 300ppm
- e) 400ppm
T 1 f) 500ppm
O 0.49
)]
g
2 '0.42'
11
-0.35+
d
014 007 0.00 007 0.4
I(Alcm)

Fig 5: Potentiodynamic polarization curve of mild
steel in 0.5 M blank and test solutions

Table 2: Corrosion resistive parameters in 0.5 M
H,SO, and test solution

cone ] i T, 1 [ S
Inhibitor (mV | (mV | (nA |, .

VvS. 4 a1 , |ficiency| erage

(ppm) SCE) dec’)|dec?)|cm™?) (n %) ©)

Blank | 452 | 63 | 66 |1972 -- --
100 -497 | 29 | 38 | 750 62 0.6196
200 -479 | 37 | 39 | 680 65 0.6551
300 -497 | 25 | 20 | 501 75 0.7456
400 -474 | 26 | 40 | 350 82 0.8225
500 -487 | 22 | 23 | 201 90 0.8980

3.6.3. Electrochemical Impedance Spectroscopy
(EIS) Measurements

The Impedance spectral data of mild steel in 0.5
M H_SO, in the absence of inhibitor and presence
of various concentration of NiO-Syzygium cumini
complex are shown in the impedance plot Fig.
6. It clearly indicates that inhibition property on
the mild steel has drastically changed after the
addition of inhibitor to aggressive solution. By
careful observation of the plot, the diameter of
the semicircles increases in the inhibitor solution
compared to without the inhibitor. The increase
in size of capacitive loop with increase in inhibitor
concentration indicates that, the NiO-Syzygium
cumini complex inhibitor gets adsorbed over the
metal surface and inhibits the flow of corrosion
current and thereby act as a very efficient inhibitor
in very low pH environment. According to the
impedance results in Table 3, the charge transfer
resistance (R ) value rises as the NiO-Syzygium
cumini complex inhibitor concentration increases
and the value of the double-layer capacitance (C )
decreases. The results of EIS parameters such as
charge transfer resistance (R ) and double layer
capactiance (C,) were determined and the electrical
equivalent circuit diagram as depicted in Fig. 7.
[22,41] was evolved. The percentage efficiency (7]
) was calculated using the below equation (3).

— RO
Rct—R"ct X100 (3)
Rct

%n Efficiency =

In the above equation, R’ and R are the charge
transfer resistance of the blank and the inhibitor
solution.
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Cdl
|
I
Rs
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Rct

Fig. 7: Electrical equivalent circuit diagram

a) Blank

b) 100ppm

¢) 200ppm

d) 300ppm -
e) 400ppm »

f) 500ppm »

Fig 6: Impedance plot for mild steel in 0.5 M blank
and test solution.

Table 3: Impedance parameters derived for 0.5 M
blank and test solution

Conc. of|R_(Q)|C, (n F|R_ (€ |Inhibition| Surface
In(};ls;())r em?) | om?) eiﬁ;:)ncy Cov(z;age
Blank [0.9997| 542 |0.7685 -- --
100 |1.0490| 552 |2.164 64 0.6455
200 [1.0940( 501 |2.525 69 0.6956
300 [1.1540| 552 |2.901 73 0.7351
400 |1.0450| 383 |3.846 80 0.8001
500 [0.9898| 320 |6.821 88 0.8874

4. Conclusions

The anti-corrosive electrochemical performance
of NiO-Syzygium cumini complex synthesized
from green synthesis was evaluated as a corrosion
inhibitor on mild steel in low pH environment. IE
of 97% was observed even with an immersion time
up to eight hours by weight loss method. IE was

also found to increase with surface coverage area.
Potentiodynamic polarization study presented 90%
efficacy and the NiO-Syzygium cumini complex
system functioned mostly as a mixed type of
inhibitor. The electrochemical impedance indicates
that, owing to enlarged thickness of the surface layer
on the mild steel surface an increase in Rct value
and decrease in Cdl and Icorr values due to charge
transfer. Therefore the result revealed that the
inhibitor substance forms a protective barrier film
on the mild steel surface. The increasing trend of
protection efficiency with respect to increase in the
concentration of inhibitor observed in weight loss,
PDP and EIS studies implies that the water soluble
substance can act as good safeguarding agent during
the industrial cleaning process.
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Abstract

The presence of tensile residual stresses in the Ni-W alloy coatings generated during the electrodeposition
has restricted their industrial deployment. In the present study, the multilayering strategy is employed in
developing the Ni-W coatings with the best combination of hardness and residual stresses. Ni-W multilayer
coatings composed of alternate soft (~ 2.6 GPa) and hard (~ 8.5 GPa) Ni-W layers with individual
layer thickness (A) ranging from 2.5 um to 0.05 pm were deposited by using the pulse reverse current
electrodeposition. These multilayer coatings have demonstrated a significant reduction in the residual
stresses while retaining the high hardness. Ni-W multilayer coating with A ~0.1 um has exhibited superior
resistance to wear damage compared to its homogeneous counterparts. The improved wear degradation
resistance of the multilayer coating was rationalized through assessment of residual stresses and thermal

properties.

Keywords: Pulse reverse electrodeposition; Ni-W alloy, Multilayer coatings, Microstructure; Wear.

1. Introduction

For the past three decades, multilayers have been
studied for wide variety of applications [1]-
[4] after the pioneering theoretical framework
proposed by Koehler [5] that paved the way for
studying the mechanical aspects of multilayers.
Techniques such as sputtering, vapor deposition
and electrodeposition are extensively utilized to
synthesize a wide range of multilayers. Early stages
of metallic multilayer developments had majorly
utilized the dual bath electrodeposition [6]—[10].
Later, with the advancement of microelectronics,
sophisticated pulse power rectifiers were developed
and enabled to control the pulses with narrow widths
(as low as few microseconds) [11], [12]. This has
revolutionized the electroplating industry and the
fundamental research on metallic multilayers. The
pulse electrodeposition process has facilitated the
deposition of discrete layers with varying modulus,
composition, grain size, microstructure etc., [13],
[14].

The potential of the electrodeposited nanocrystalline
Ni-W coatings to replace the hard chrome coatings

has been widely recognized [15]-[18]. However,
these nanocrystalline Ni-W coatings suffer from two
majorsetbacks: (i) presenceoftensileresidual stresses
[19] and (ii) inherent low toughness associated
with the nanocrystalline microstructure [20]-[22],
which limited their wide industrial applications.
The tribological performance of coatings is heavily
influenced by both the properties mentioned above.
Hence, for superior tribological performance,
ensuring improved toughness along with high
hardness/strength is vital. In pursuit of establishing
the strength-ductility synergy in nanocrystalline
materials, recent studies have elaborated the
paradigm of microstructural engineering [23]-
[25]. In brief, it is noticed that the deliberate
inclusion of spatial gradients in microstructure and/
or mechanical properties at various length scales
has enabled the nanocrystalline metals to regain
an appreciable amount of balance between the
strength and ductility. A similar microstructural
engineering strategy can also facilitate in reducing
the tensile residual stresses often encountered in
electrodeposited alloy coatings [26], [27].
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Recent studies involving the electrodeposition of
metallic multilayers for tribological applications
have tried to address some of the above-mentioned
issues and succeeded to an extent. Extensive studies
conducted by Ruffand Lashmore[28] have concluded
that the Cu/Ni multilayers (layer thickness, A ~4 to
100 nm) have superior wear resistance compared
to their homogeneous counterparts. The high
wear resistance of multilayers is attributed to the
interfacial barrier effects and the increase in the
flow strength. Ghosh et al. [29] have investigated
the effect of Ni layer thickness while keeping
that of Cu layer constant, on the wear resistance
of Cu/Ni alloys. They observed that layering has
reduced the residual stresses with a concurrent
increase in the hardness leading to improved wear
properties. Similar observation was found in Ni-P
[30]. Karimazadeh et al. [31] have used the pulse
reverse current method to deposit the compositional
modulated Ni-Co-P multilayers (A ~90 to 3000 nm).
The hardness of multilayers has shown a Hall-Petch
type of relationship with layer thickness. The high
wear resistance of multilayers is attributed to the
enhanced hardness. Papachristos et al. [32] have
reported that the brittle failure of Ni-P-W multilayer
coatings under sliding is inhibited as the layer
thickness is reduced, and it was attributed to the
increased number of interfaces which may deflect
the growing crack. However, explicit evidences for
the crack deflection at the layer interfaces are not
available. A similar wear behavior is also observed
in the other multilayer systems [33]-[36].

The perusal of the literature suggests two important
design guidelines: (a) sandwiching the hard layers
between the soft layers to alleviate the residual
stresses in addition to improve the toughness, and
(b) layer thickness of few nanometers for increasing
hardness. Despite the efforts, the multilayer systems
mentioned above are still inferior to the existing hard
chrome coatings in terms of their hardness and wear
resistance. There is limited work carried out in this
direction to develop wear resistant Ni-W multilayer
coatings [16], [35-37]. Furthermore, there is lack
of understanding on the effect of layering on the
improved tribological properties especially in case
of the multilayers which do not satisfy the Koehler’s
criteria i.e., the multilayers constituting of layers

with marginal difference in the modulus. Therefore,
the focus of the current study is to develop a
method for depositing Ni-W multilayers consisting
of alternate hard and soft Ni-W layers from single
bath and subsequently, to understand the origin of
the improved mechanical, tribological performance.
The effect of thermal diffusion during wear has been
emphasized.

2. Experimental
2.1 Controlling the W-content and microstructure

The advantage with the electrodeposited Ni-W
system is that the W is a “weak grain boundary
segregating” element unlike phosphorus in Ni-P
system and widens the window of accessible grain
size range [38-40]. Therefore, in the present study,
pulse reverse current electrodeposition technique
has been utilized to access the extreme grain size
regimes and deposit soft and hard Ni-W layers from
single bath consisting of citrate based electrolyte.
The pulse parameters (such as anodic/cathodic
current density and duty cycle) were optimized
to obtain the homogeneous Ni-W coatings with
extreme W-contents and grain sizes. The details
on pulse parameters and deposition conditions are
given in Table 1. Exploiting the recipe feature of
the DPR 20-60-200 module, the Ni-W multilayers
with equal layer thickness (A) were deposited
by alternating the deposition parameters. The
individual layer thickness was controlled by passing
equal amount of charge during each recipe. AISI
1045 steel plate (60 x 60 x 5 mm?) is used as the
substrate (cathode) material while the platinized
titanium is employed as anode. The substrates were
polished, cleaned in acetone and activated in a 50%
HCI solution before introducing into the deposition
bath. A fresh electrolytic bath of 2 L volume is used
for every coating. After the deposition, the coated
samples were cleaned in fresh water and dried.
The deposition duration was tuned such that all the
coatings have at least 30-40 um thickness.

2.2 Coating characterization

Residual stresses were computed using the Sin*¥
method by XRD technique (PANalytical X’Pert
pro, 40 kV, 45 mA). The (2 2 0) plane (at 20 =
75°) was selected for the residual stress analysis.

J. Electrochem Soc. India



92 Compositionally modulated Ni-W multilayers to ... in coatings for superior wear resistance

The diffraction profile of this peak was collected
at different W-angles (£ 71.57° with a step size
of ~8%) by tilting the sample stage. The obtained
XRD profile data was corrected for the instrument-
specific effects. Then, the peak position of each
profile was determined and was used for the
d-spacing calculations using the Bragg’s law.
The computed d-spacing values were plotted as a
function of Sin*¥. The procedure outlined in [41],
[42] has been used to calculate the residual stress
values. The elastic modulus values of the Ni-W
alloys required for the calculations were taken from
[43]. The thermal conductivity of coatings was
estimated using electrical resistivity measurements.
To measure the electrical resistivity of the coatings,
free standing foils with ~30 um thickness were
prepared by depositing on copper substrate and later
dissolving the substrate in a chromic acid solution
(250 g/l chromium oxide and 15 ml/1 sulfuric acid).
The free-standing foils were carefully sectioned into
15x15 mm? samples for resistivity measurements.
Four-probe instrument was used and at least three
readings were taken at different regions of the film
to arrive at an average resistivity value.

Table 1. Pulse parameters utilized for the deposition
of compositionally modulated Ni-W layers

Parameter Ni-1W  Ni-15W
layer layer
Cathodic current density, A/cm? 0.1 0.1
Anodic current density, A/cm? 0.3 0
Duty cycle, % 87 97.5
Frequency, Hz 43 48.7
Temperature, °C 60+3

2.3 Sliding wear performance

Wear resistance of the coatings was evaluated using
the ball-on-disc configuration with a universal
tribometer (MFT-5000, Rtec instruments, USA)
in accordance with the ASTM-G99 standard. The
coated substrates were cut into 10x10x5 mm’
specimens for wear tests. All the specimens were
polished to a roughness (R)) value <0.05 um and
cleaned in acetone before carrying out the test.
Tungsten carbide (WC) ball having 6 mm diameter
was used as the counter body. A fresh ball was
employed for each test in order to avoid the debris

transfer from one specimen to another. A constant
normal load of 5 N at a sliding speed of 0.15 m/s was
applied and the track diameter was set to 6 mm. The
total sliding distance for each test was fixed to 200
m. Friction coefficient was continuously recorded.
The specimens were ultrasonically cleaned to
remove any loose particles on the wear track. Using
an integrated profilometer, three-dimensional wear
track profiles were recorded at different locations
to estimate the wear volume loss as suggested in
[15]. At least three tests were carried out and the
average wear rate is reported. The SEM analysis of
the wear tracks was carried out to understand wear
mechanism.

3. Results and discussion
3.1 Microstructure

The cross-sectional SEM images in backscattered
electron (BSE) mode for the Ni-W multilayers with
varying layer thickness are shown in Fig. 1. The
gray layers are Ni-1W while the bright layers are Ni-
I5W. The sharp interfaces between the individual
layers as can be observed are intact and devoid of
any cracks or pores. The waviness of the individual
layers is attributed to the application of high anodic
pulses during the deposition of Ni-1W layers. In
fact, presence of such wavy interlayer interfaces
could be advantageous, and the exact reasons will
be discussed later while dealing with the residual
stresses in the following sections. The elemental
mapping reveals the compositional modulation of
W-content between the layers.

3.2 Effect of multilayered architecture on the
residual stresses

Fig. 2 shows the residual stresses computed using
the Sin*¥ method. All the coatings have shown
tensile residual stresses. The homogeneous Ni-1W
coating has shown the lowest stress of ~200 MPa
which is much smaller than the earlier reports [19]
while the Ni-15W coating has exhibited stress of
~1300 MPa, almost 7-fold higher than the former.
In case of the multilayer coatings, irrespective of the
layer thickness, residual stresses have significantly
decreased compared to the homogeneous hard Ni-
I5W coating. The soft Ni-1W layers sandwiched
between the hard Ni-15W layers could have
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alleviated the residual stresses in the multilayer
coatings. Furthermore, the presence of concave and
convex type of topographic features on the Ni-1W
layers can locally allow effective stress reduction
and redistribution [44].

Fig.1 Cross-sectional images of Ni-W multilayer
coatings with layer thickness (A) ranging from 2.5
um to 0.1 um. EDS elemental mapping is shown
for the Ni-W multilayer coating having A ~2.5 um
to elaborate the compositional modulation between
the layers.
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Fig.2. Residual stresses of the Ni-W homogeneous
coatings (Ni-1W and Ni-15W) and multilayer
coatings. ML represents multilayer while the
number after ML indicates the layer thickness in
micrometers.

3.3 Hardness and tribological behavior of
multilayer coatings

The hardness of multilayer coatings is plotted
against the layer thickness as shown in Fig. 3.
Hardness increased with decrease in the layer

thickness demonstrating the Hall-Petch type of
behavior. An important observation from Fig. 3 is
that the peak hardness of the multilayer coatings
(which is obtained at A ~0.1 um) is only marginally
higher than the hardness of homogeneous Ni-15W
coating. This can be rationalized based on the
Koehler’s theory. Koehler proposed that the extent
of multilayer strengthening is directly proportional
to the difference in the elastic modulus of individual
layers [5]. Since both the constituent layers (Ni-1W
and Ni-15W) in the present study are solid solutions
of W in Ni, the modulus difference is not large
enough to produce extra strengthening.
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Fig.3. Hall-Petch type plot of Ni-W multilayer
coatings

Tribological performance of the multilayer
coatings were evaluated using the ball-on-disc
configuration. Fig. 4 (a,b) shows the wear rate and
friction coefficient of homogeneous and multilayer
coatings. The Ni-W multilayer coating with A ~0.1
um (indicated as MLO0.1) has shown superior wear
resistance and lower friction coefficient compared
to the homogeneous counterparts. Presence of
tensile residual stresses exaggerates the severity
of contact stresses during the sliding and leads to
sub-surface cracking and delamination [26], [45],
[46]. Higher hardness and lower residual stresses of
the multilayer coating have led to its superior wear
performance. It is well known that the toughness
along with the strength play an important role in
improving the wear resistance of the coatings [47],
[48].
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A mere improvement in the hardness renders the
brittleness and consequent failure of the coatings at
higher loads. Since, the multilayers are composed of
alternate hard and soft Ni-W layers, we expect the
toughness of these multilayers to be higher than the
homogeneous hard Ni-W coating [49] which might
have assisted in the improvement of tribological
properties.
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Fig. 4 (a) Specific wear rate and (b) friction
coefficient values of homogenous coatings and
multilayer coatings determined using the ball-on-
disc configuration.

3.4 Influence of layering on thermal properties
and wear behavior

During the sliding contact, almost all the frictional
energy is converted into heat [50]. This heat, except at
very low speeds, leads to an appreciable temperature
raise. The highest temperature during the sliding is
expected to be located at the true contact regions
1.e., the asperities. The raise in the temperature at
the contact interface affects the frictional properties
of various materials due to the formation of various

types of oxides, local phase transformations and
sometimes even interface melting. Thus, thermal
properties play a crucial role in controlling the wear
resistance of materials. For better performance, it is
important for the materials to effectively dissipate
this heat energy during the sliding contacts. The
electrical resistivity of the coatings was measured
using the four-probe technique. Later, by applying
the Wiedemann-Franz law, the electrical resistivity
is converted to the thermal conductivity and thermal
diffusivity as per the formulae below [51], [52]:

_ L
= 5 Eq. (1)
K
= = e Eq. (2
a=; ¢ q-(2)
Where; x = Thermal conductivity, L = Lorentz

number, 7= absolute temperature and p = electrical
resistivity, a = thermal diffusivity, C = specific heat
capacity and d = density. At room temperature, L
T =17.5x10° W.Q/°K. Since, specific heat capacity
and density are structure-insensitive properties, they
were calculated using the rule of mixtures. Table
2 provides the calculated electrical and thermal
properties of homogeneous and multilayer coatings.
Evidently, the multilayer coatings have exhibited
higher thermal diffusivity compared to the hard Ni-
15W coating.

The kinetics of effective heat dissipation to establish
the quasi-steady-state condition is often represented
by a dimensionless parameter called Peclet number
(P), given as [50]:

P—

Where, v = velocity of the heat source i.e., sliding
speed, » = contact radius which can be calculated
using the Hertzian contact model [61], [67].
Essentially, Peclet number (P) is the ratio of true
velocity to speed of heat flow. The contact radius
calculated for the present experimental conditions
is ~40 pm. The computed Peclet numbers for
homogeneous and multilayers coatings are given in
Table 2. P<0.1 is considered as a regime of very
slow sliding speeds where the frictional heat has
sufficient amount of time to be dissipated effectively
to the surroundings and the system attains quasi-
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stationary regime [53]. While, P>5 is considered
as a regime of high sliding speeds, and the system
is not allowed to dissipate the heat effectively
resulting in adiabatic heating. From Table 2, it can
be observed that the homogeneous Ni-15W has the
highest Peclet number and therefore is expected to
experience relatively higher interfacial heating and
oxidation. It is the rate of generation of oxide and
its subsequent detachment from the interface, which
determines wear rate. When oxide film is formed
steadily and is intact (which is the case of MLO0.1),

the friction coefficient and wear rate are low. On the
other hand, higher rate of oxidation due to extreme
heat generation (which is the case of Ni-15W), it
is unlikely that oxide film is intact resulting in
higher wear rates. In fact, the wear track analysis
of the homogeneous Ni-15W indicated the higher
amount of oxidation compared to the multilayer
coating (MLO.1) providing direct evidence on the
effect of the thermal properties. Besides the thermal
diffusivity, hardness of the material also affects the
extent of raise in the interfacial temperature [50].

Table. 2. Electrical and thermal properties of homogeneous and multilayer Ni-W coatings

The Peclet numbers and therefore, the maximum raise in the interface

Nomenclature Electrical resistivity Thermal conductivity Thermal diffusivity = Peclet number
x107 (22.m) (W/m.K) %1072 (cm?/s) P
Ni-1W 2.5+0.9 29.6+ 1.0 7.28 0.412
Ni-15W 109+ 1.0 6.9+0.7 1.38 2.164
ML2.5 2.6+£0.2 29.0+£2.0 6.34 0.473
ML0.1 2.8+£0.2 26.7+1.5 5.84 0.514

temperature can be compared directly only if their
hardness values are in the same range, which is true
for homogeneous Ni-15W and multilayer coating.
Thus, for similar hardness values and sliding
velocity, the value of P is determined by thermal
diffusivity. The lower P in case of multilayer
coatings is due to higher thermal diffusivity. It has
been observed by Lim and Ashby [54] that friction
coefficient decreases with decrease in P. Thus,
lower wear rate and friction coefficient in case of
multilayered coatings compared to Ni-15W is due
to their higher thermal diffusivity and lower residual
stresses.

4. Conclusions

Exploiting the advantage of reverse/anodic pulsed
current, Ni-W multilayer coatings comprised of
alternate soft and hard Ni-W layers with layer
thickness (A) ranging from ~2.5 pm to 0.05 um have
been deposited from a single electrodeposition bath.
The multilayer coatings have shown a substantial
reduction in the residual stresses. The multilayering
architecture has allowed to deposit hard coatings
with lower residual stresses. Despite the similar
hardness, Ni-W multilayer coating (A ~0.1 um) has

demonstrated superior wear resistance compared
to the homogeneous Ni-W coating. The enhanced
wear resistance of multilayer coating is attributed to
lower residual stresses and relatively higher thermal
diffusivity. The multilayer coating has shown lower
friction coefficient due to the presence of thin and
adherent oxide film.
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