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Abstract: The present work describes, for the first time, the electrodeposition of NiSn alloy/reduced
graphene oxide composite coatings (NiSn-rGO) obtained under pulse current electrodeposition
conditions from deep eutectic solvents (choline chloride: ethylene glycol eutectic mixtures) containing
well-dispersed GO nanosheets. The successful incorporation of the carbon-based material into the
metallic matrix has been confirmed by Raman spectroscopy and cross-section scanning electron
microscopy (SEM). A decrease in the crystallite size of the coating was evidenced when graphene
oxide was added to the electrolyte. Additionally, the topography and the electrical properties of
the materials were investigated by atomic force microscopy (AFM). The corrosion behavior in 0.5 M
NaCl solution was analyzed through potentiodynamic polarization and electrochemical impedance
spectroscopy methods for different immersion periods, up to 336 h, showing a slightly better corrosion
performance as compared to pure NiSn alloy.

Keywords: electrodeposition; NiSn-rGO composite coating; deep eutectic solvent; direct current
plating; pulse current plating; corrosion

1. Introduction

In recent years, graphene and its derivatives (graphene oxide and reduced graphene oxide) have
attracted considerable attention, since they have found potential applications in diverse areas such as
electronics, energy storage, sensors, light processing, medical and industrial processes [1].

Graphene (G), consisting of a single layer of graphite where the sp? carbon bonded atoms
are hexagonally arranged, attracted increased attention due to its unique optical, mechanical,
conductive and electronic properties, chemical inertness and impermeability to ion diffusion. However,
G exhibits a poor dispersibility in solvents [2—4], thus limiting wide use in many fields.

In spite of the promising potential G may provide in the anti-corrosion field, mainly because of its
hydrophobic nature, it has been shown that pure G coatings are highly susceptible to surface defects
upon extended exposure to corrosive media leading to localized corrosion of metal substrate [3,5].
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To overcome these disadvantages, the use of another derivative, graphene oxide (GO), has been
considered. Graphene oxide (GO) is the oxidized form of graphene where the plane of carbon atoms is
decorated with oxygen containing groups such as epoxide, hydroxyl, carbonyl and carboxyl. Due to
the presence of these functional groups, GO is hydrophilic and forms stable dispersions in aqueous and
non-aqueous media. In addition, GO exhibits higher chemical activity and the presence of the attached
groups and lattice defects inhibit its electrical conductivity, making GO electrically resistive [6,7].
GO can be treated using various methods to synthesize reduced graphene oxide (rGO) in order to
minimize the number of oxygen groups and achieve properties closer to those of pristine graphene.
These structure changes also provide the partial recovery of electrical conductivity. rGO can be obtained
by thermal [6], chemical [8] or electrochemical [9,10] procedures.

A large number of papers reported in recent years investigated the fabrication of metallic composite
coatings with incorporated graphene-related materials. Their presence in different metallic matrices
facilitated in increase of the corrosion resistance, microhardness and wear resistance [3].

Several preparation methods can be used to obtain the metallic matrix composite coatings,
including chemical vapor deposition, cold spray, electroless deposition and electrodeposition.
Among them, electrodeposition is widely used because it allows for obtaining of a large range
of functional and protective metal or alloy composite coatings with lower cost, high deposition rates
and microstructure control. When GO is used during the electrodeposition process, rGO is formed at
the cathode surface [4,9-12].

Ni matrix composite coatings reinforced with graphene-related materials, including Ni-graphene
(Ni-G), Ni-graphene oxide (Ni-GO) and Ni-reduced graphene oxide (Ni-rGO) on different metal
substrates, were reported in [13-25], using aqueous electrolytes. The incorporation of graphene
particles into the Ni matrix was found to change the surface morphology to a fine-grained deposit and
reduced the crystallite size. Moreover, the thermal conductivity, hardness and corrosion resistance
were improved. Ding et al. [18] obtained self-cleaning Ni-graphene composite with a hierarchical
micro-nano structure of nickel and graphene particles; additionally, the coated surface exhibited
super-hydrophobicity. In a series of works, Singh et al. [19,22,23] established a pulse-current deposition
route to directly synthesize Ni composites with GO, GO functionalized with octadecyl amine or
with both GO and SiC particles. The addition of GO to the Ni matrix reduced the water contact
angle [19]. The diminishing of the friction coefficient and superior tribological properties by enhancing
the elastic modulus were attributed to the synergistic effects of SiC and GO [22]. Functionalization with
octadecyl amine led to Ni composites converted from hydrophilic to hydrophobic [23]. Additionally,
the functionalization improved the structural and thermal stability, hardness and, in turn, improved the
frictional and wear resistance of the composite coating. These results open up new opportunities for
self-lubricating coatings in automobile applications and other mechanical assemblies. The improvement
of surface anti-friction properties and wear resistance for aluminum alloys coated with Ni-G and
Ni-GO composites is also the subject of recent studies [24,25]. Sn-graphene composite coatings
on mild steel have been investigated by Berlia et al. [26], using acidic SnCl, aqueous electrolytes
containing graphene produced by the electrochemical exfoliation of graphite. Incorporation of G into
the growing Sn metal matrix during the electrodeposition led to a change in surface morphology and a
decrease in grain size. Corrosion current and corrosion rate values were lower, and the impedance
diagrams indicated a reduction in the double layer capacitance. Similar behavior was found during
the electrodeposition of SnZn-graphene oxide (SnZn-GO) composites on a mild steel substrate [18].
Graphene oxide was prepared by oxidation of graphite in a plating bath containing SnSO4 and ZnSOj.
The smoothness and the compactness of the coatings increased with the content of GO, but the
incorporation of GO did not cause any significant change in the crystallite size of either Sn or Zn
phases. Better anticorrosive behavior as well as a decrease in the double layer capacitance were also
observed for SnZn-GO composites.

In spite of the promising characteristics that the metal and alloy composite coatings reinforced with
graphene-related materials may provide, their electrochemical preparation using aqueous solutions
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sometimes suffers from some limitations, related to the occurrence of hydrogen evolution as a secondary
reaction affecting the cathodic efficiency, the narrow electrochemical window and sometimes the
complexity and toxicity of the electrolyte composition, requiring the use of additives.

To address these shortcomings, ionic liquids (ILs) and deep eutectic solvents (DESs) have been
used for the electrodeposition of a large range of metals and alloys, including their composites with
various carbon-based nanomaterials [27,28]. In the recent decades, DESs, comprising a mixture of a
quaternary ammonium salt with hydrogen bond donors, such as amides, carboxylic acids or alcohols,
have especially attracted the attention of researchers. They are potentially recyclable, biodegradable and
with cause no harm to on human health, so they may represent a “green alternative” as electrolytes
for metal and alloy electrodeposition, as well as for various other chemical processes. In addition,
these electrolytic media are characterized by a good air and water stability without requiring any
additional manipulation processes [29,30].

Li et al. [4] reported the successful electrodeposition of zinc-graphene oxide (Zn-GO) composite
coatings by applying pulse electrodeposition in choline chloride (ChCl)/urea based DESs. The use of this
eutectic mixture facilitated a good dispersion stability of the GO sheets with no need of supplementary
additives. Based on X-ray Photoelectron Spectroscopy (XPS) investigations it has been shown that
during the electrodeposition process, part of the oxygen functional groups were removed and the
GO was partially reduced. The Zn—-GO composite coatings were found to exhibit higher stability and
better corrosion resistance than the pure Zn coating. Furthermore, the corrosion resistance of Zn-GO
composite coatings increased as the GO content in the electrolyte was higher.

Brandao et al. [31] electrodeposited Sn composite coatings using a choline chlorideethylene
glycol-based DES, also known as ethaline, involving different carbon nanomaterials. Among these,
the behavior of Sn-reduced graphene oxide (Sn-rGO) composite was also investigated. Interestingly,
both cathodic and anodic voltammetric peaks for the Sn-rGO composite had peak currents lower
than for pristine Sn coating. Using chronoamperograms, a strong effect of the presence of the carbon
materials was observed, in particular when 0.5 g/L rGO was added, and this was evidence of the rtGO
incorporation into the Sn matrix. This composite also presented more roughness compared to the pure
Sn coating, but lower electrical conductivity, explained by the amorphous carbon present in the deposit.
Corrosion studies showed that the presence of rGO involved a higher charge transfer resistance than
the one exhibited by the bare Sn coating, which decreased with prolonged immersion.

Nickel-tin alloys have a wide range of applications, such as in electrical connectors, printed circuits
boards and batteries. Additionally, they represent an alternative to chromium decoration due to their
anticorrosive properties and have the advantage of being non-allergenic compared to the pure Ni
metal [32]. Besides aqueous solutions, melts or traditional ionic liquids, NiSn alloy coatings were
electrodeposited on various substrates [33-37] using electrolytes based on DESs, which are considered
as a novel and highly promising kind of ionic liquids analog.

However, the incorporation of graphene oxide into the metallic matrix of NiSn alloy has
been studied in a single published paper [38]. Nano-crystalline NiSn-GO composite coatings were
electrodeposited under direct current conditions on mild steel from an aqueous solution containing
nickel and tin chlorides. The morphological and structural property studies revealed the presence of Sn,
NizSny, NizSn, and Ni3Sn intermetallic phases in the matrix. The addition of GO led to a considerable
decrease in the grain size in the Sn-rich phase. A corrosion study by Tafel curves and impedance
diagrams indicated the formation of passive NiO and SnO phases on the surface and a higher content
of graphene oxide was responsible for the increase in the corrosion resistance compared to the bare
NiSn alloy.

Considering all the studies discussed above, the present study reports the electrodeposition and
characterization of nickel-tin alloy with reduced graphene oxide as a composite synthesized under
pulse current conditions from a choline chloride:ethylene glycol mixture (1:2 mole ratio) as a deep
eutectic solvent (DES). Dispersed ammonia functionalized GO was involved to prepare the electrolytes.
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During the electrochemical reduction process, GO was reduced to rGO and incorporated within the
NiSn alloy matrix.

The electrodeposition of NiSn alloys from choline chloride: ethylene glycol eutectic mixtures
under direct current and pulse current conditions has been previously reported by our group in [37].
It was noticed that the NiSn alloy coatings prepared under pulse current electrodeposition conditions
showed an improvement in the mechanical properties as compared to the ones prepared involving
direct current.

In the present study, the influence of the pulse current electrodeposition parameters on the
preparation of the NiSn-rGO composite materials wasinvestigated. The resulting NiSn-rGO composite
coatings were analyzed by SEM, X-ray diffraction (XRD) and Raman spectroscopy. The roughness
and conductivity of the coatings were evaluated by atomic force microscopy (AFM) and their
anticorrosive properties were investigated by both electrochemical impedance spectroscopy (EIS) and
Tafel potentiodynamic polarization after different durations of immersion in 0.5 M NaCl solution. To the
best of our knowledge, this is the first investigation reporting the electrodeposition and characterization
of NiSn-rGO composite coatings involving DESs.

2. Materials and Methods

2.1. Chemicals and Electrolyte Preparation

For the preparation of the involved choline chloride-ethylene glycol eutectic mixture (denoted
as ILEG), choline chloride (ChCl) (Emprove Merck, Darmstadt, Germany 98%) and ethylene glycol
(EG) (Silal Trading Bucharest, Bucharest, Romania 99%) were mixed in a 1:2 molar ratio and heated at
80 + 5 °C under gentle magnetic stirring (200 rpm) until a colorless liquid was formed. To this DES,
the corresponding amounts of tin chloride (SnCl,-2H,0O) (Actros Thermo Fisher Scientific, Geel, Belgium,
97%) and nickel chloride (NiCl,-6H;O) (Lach-Ner, Neratowitz, Czech Republic, 99%) salts were added
at 80 + 5 °C and the liquid was stirred (200 rpm) until a homogenous green solution was formed. For the
synthesis of the composite material, 0.1 g/L of graphene oxide ammonia functionalized (1 mg/mL GO,
dispersion in water) (Sigma-Aldrich, Darmstadt, Germany) were added to this solution (50 mL) and
ultrasound stirred at 67 W for 90 s, using a SONICS Vibra-Cell high intensity ultrasonic processor
probe (model VCx500; SONICS&MATERIALS, Inc., Newtown, CT, USA), until a homogeneous and
stable dispersion was obtained (unaffected dispersion stability for at least 48 h). All the reagents were
used as received.

2.2. Electrodeposition Experiments

In order to investigate the composite electrodeposition process, 0.5 M SnCl, 2H,O and 0.5 M
NiCl,-6H,O as metal precursors and 0.1 g/L. GO were added to the ILEG eutectic mixture. For the
electrodeposition of NiSn-alloys, the electrolyte contained the same amount of the metallic salts as in
the case of the composite material. All prepared media were in liquid state at room temperature.

The coatings were obtained by electrodeposition in galvanostatic mode, using a pulse reverse
power supply (pe86CB3HE, Plating Electronic GmbH, Sexau, Germany). The electrodeposition process
was performed in an open system at 75 + 5 °C, under ultrasound external stirring (2.9 W/L) in order to
preserve the dispersion of the carbon-based material. A two-electrode cell configuration was employed,
where a copper (Cu) sheet, with a thickness of 0.2 mm and a surface area of 0.75 cm?, and a platinized
titanium mesh, were used vertically as cathode and anode, respectively, as shown in Figure 1. The Cu
sheets were cleaned with acetone, rinsed with deionized water and immersed in a HNOj3: H,O solution
(1:1 vol. %) for 30 s at room temperature prior to the electrodeposition, followed by rinsing with
deionized water and air drying.
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Figure 1. A schematic diagram of the pulse electrodeposition system used in this study.

For the electrodeposition of the composite coatings, the Ton time was set at 500 ms, while the
Torr time was varied: 250, 500 and 1000 ms at a constant peak current density of 20 mA/cm?.

After the optimization of the Topr time, both pure NiSn alloys and composite coatings were
prepared at 75 + 5 °C by electrodeposition under pulse current and ultrasound external stirring
(2.9 W/L) at different current peak densities: 10, 15, 20 and 25 mA/cm?2. The deposition time was
selected according the pulse parameters in order to obtain the same thickness. The film thickness of the
optimized bare NiSn alloy and composite coatings was obtained by gravimetric analysis of the deposit:
10 £ 1 pm (current efficiency: 65 + 2.5%). After the electrodeposition, the coatings were cleaned with
hot deionized water and acetone and air dried.

2.3. Cyclic Voltammetry and Corrosion Experiments

In order to get more information on the cathodic processes during the alloy composite deposition,
cyclic voltammetry investigations were performed involving ILEG-based electrolytes containing
SnCl,-2H,0, NiCl,-6H,O and GO, as shown in Table 1.

Table 1. The composition of electrolytes for cyclic voltammetry investigations.

System Type Metal Salt/GO Content
ILEG-GO ILEG + 0.1 g/L GO
Sn-GO ILEG + 0.05 M SnCl, - 2H,0 + 0.1 g/L GO
Ni-GO ILEG + 0.05 M NiCl, - 6H,O + 0.1 g/L GO
NiSn-GO ILEG + 0.05 M SnCl, - 2H,0 + 0.05 M NiCl, - 6H,0 + 0.1 g/L. GO

The electrochemical measurements were performed using the PARSTAT 4000 (Ametek, Berwyn,
PA, USA) potentiostat controlled with VersaStudio software (2.1 version, Ametek, Berwyn, PA, USA).
The cyclic voltammetry experiments were carried out at 75 °C in stationary conditions, at several scan
rates, starting at Open Circuit Potential (OCP) and scanning towards negative potential up to -1.6 V
and then towards positive potential up to +1.6 V. A three-electrode system was employed, where glassy
carbon (GC, Metrohm, Herisau, Switzerland) with a diameter of 5 mm was used as working electrode
(Swe = 0.196 cm?), a silver (Ag) wire as quasi-reference electrode and a platinum (Pt) plate (Metrohm,
Herisau, Switzerland) as counter electrode. Prior to each measurement, the GC working electrode
was polished with 1 pm diamond paste (Buehler) followed by 0.3 um alumina suspension solution
(Buehler), rinsed with deionized water and air dried.

The corrosion behavior of the electrodeposited composite coatings was assessed by accelerated
laboratory tests consisting in continuous immersion in aerated 0.5 M NaCl solution at 25 °C for up
to 336 h, with intermediary visual examinations. Potentiodynamic polarization curves at a scan
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rate of 5mV s~! and electrochemical impedance spectroscopy (EIS) spectra at opencircuit potential
using 0.5 M NaCl solution were recorded against a Ag/AgCl reference electrode and Pt plate counter
electrode. For both electrochemical investigations, the geometrical surface of the working electrode
was 0.63 cm?. The EIS spectra, recorded with 10 mV a.c. voltage within the 0.1-10° Hz frequency range,
werefitted using ZView 2.7 software (Scribner Association Inc, Southern Pines, NC, USA). A minimum
of three pieces of each optimized NiSn-alloy and NiSn-rGO composite coating deposited onto a Cu
metallic substrate (65 X 25 mm) were tested.

2.4. Surface Characterization

The surface morphology and chemical composition of the optimized NiSn alloy and NiSn-rGO
composite coatings were studied by scanning electron microscopy (SEM) (Hitachi SU 8230,
Hitachi High-Tech Corporation, Tokyo, Japan) equipped with an energy dispersive X-ray detector (EDX,
Oxford Instuments, Oxford, UK) and a JEOL JSM-7001F SEM (JEOL, Tokyo, Japan). The structural
properties of the prepared coatings were investigated by an X-ray diffractometer (XRD) system (Rigaku
SmartLab, Tokyo, Japan) possessing Cu K« radiation (A = 0.15406 nm), at room temperature, in the 20
range of 5°-90°. The crystallite size, D, was determined according to Scherrer’s equation:

KA
~ Bcos(0)

)

where k is Scherrer’s constant (0.94), $ the full width at half maximum and 0 the diffraction angle.

The characterization of the carbon-based material and the optimized composite coatings was also
performed by Raman spectroscopy at room temperature using the LabRam HR800 system (Horiba,
Kyoto, Japan). The samples were exposed to a green laser of a 532 nm wavelength (0.85 mW) for
100 s and the specimen-emitted signal was dispersed onto the charge coupled device (CCD) detector
(Horiba, Kyoto, Japan) using a 600 lines/mm grating.

Additionally, the morphological and electrical properties of the NiSn alloys and NiSn-rGO
composite coatings were carried out by atomic force microscopy (AFM) in an NT-MDT Solver NEXT
system (NT-MDT Spectrum Instruments, Zelenograd, Russia) operating in contact mode. The AFM
measurements were performed using bare and Pt-coated cone-shaped tips from monocrystalline silicon,
mounted on cantilevers with 12 N/m and 0.3 N/m spring constants, with areas of 10 x 10 pm? and
3 X 3 um?, respectively. The height, lateral force and current signals were acquired simultaneously.

The root mean square roughness (Rgrps) and the roughness average (Ra) parameters were
calculated from the acquired topographic images using image processing software. RMS is defined as:

241/2

N (b —h
RRMS—Zu )

- N
i=1

where h; represents the height value at each data point, /1 represents the profile mean value of the
surface, and N represents the number of data points in the analyzed profile. The average roughness,
Ra, represents the arithmetic average of the deviations in height from the profile mean value:

1y, -
Ri= ~ ;|hi -7 ®)
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The root mean square electrical current (Iry1s) and the average electrical current (I;) parameters
were calculated from the acquired electrical conductivity distribution images via image processing
software, using the Equations (4) and (5):

N - 92"
¢ — ¢C
o - Fi
i—1
1o
In = N ;|q —E( ®)

where ¢; represents the electrical current value at each data point, ¢ represents the electrical current
mean value and N represents the number of analyzed data points.

3. Results and Discussion

3.1. Cyclic Voltammetry Experiments

The cyclic voltammograms of the electrolytes containing GO, Sn or/and Ni ionic species (Table 1),
presented in Figure 2a,b, were recorded on a GC working electrode at 75 °C using a 20 mV/s scan rate.

Voltammetric experiments were mainly carried out by scanning at first to negative potentials.
Asshown in Figure 2a, in the case of ILEG solvent with 0.1 g/L GO (ILEG-GO system), no electrochemical
process is observed up to a —1.1 V potential, where the onset of the cathodic current corresponds
to the beginning of GO sheets reduction [39]. The peak potential is at around —1.4 V in the first
cycle but is shifted to —1.3 V in the following cycles. After this peak (which is rather a plateau),
the cathodic current began to continuously increase due to reduction of cholinium cations from ILEG
as a background electrolyte. On the anodic branch of the cyclic voltammetry (CV) curve, only the
oxidation of chloride complex anions (due to hydrogen bonds between Cl" and EG molecules) is
observed, followed by a corresponding reduction peak on the return scan. This part is similar to that
for the ILEG background electrolyte [40]. The increase in both reduction current and oxidation current
by multicycling is monotonous.

In Figure 2b, the voltammogram of the Sn-GO system clearly evidenced a cathodic peak at about
—0.45 V, corresponding to the reduction of the Sn?* ions to Sn’, and two anodic peaks, first corresponding
to the stripping of metallic deposits and the occurrence of Sn?* (at —0.27 V) and their further oxidation
to Sn** ions (at ~1 V), in agreement with [41]. The addition of GO increases the current of the peak,
corresponding to the oxidation of Sn?* to Sn** (not shown here). In the case of the voltammogram
corresponding to the Ni-GO system, a reduction peak at around —0.72 V was evidenced on the cathodic
scan, which may be assigned to the deposition of pure Ni metal. Regarding the anodic process, one can
see an oxidation peak at about 0.71 V, assigned to Ni?* formation by Ni dissolution.

ILEG-0.1 g/L GO at 100 mVis
0.006_—— 5 cycles

I 0.004
0.005 -

00021
0.004

0,000

|
0.003 4 /:VI
|
|
0.002 4 \Ilf -0.002 4
0.001 = /\“: -0.004 4
0.000 o = = —““‘j;: A -0.006 ——8n-GO
=z n — Ni-GO
-0.001 -0.008 o ——NiSn-GO

— ILEG-GO
-0.002 T T T T T T T -0.010 T T T T T T T
20 -15 10 05 00 0.5 1.0 15 20 X e e 0.0 0.5 10 15 2.0

Potential vs Ag /V Potential vs Ag/ V
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Current/ A
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Figure 2. Cont.
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(©)
Figure 2. Cyclic voltammograms (CVs) on a glassy carbon (GC) electrode at 75 °C for: (a) multiple
cycles for ILEG-GO electrolyte system at 100 mV/s; (b) the first cycle for Sn-GO, Ni-GO, NiSn-GO and

ILEG-GO electrolyte systems and (c) comparative CVs for NiSn systems in the absence and in the
presence of GO, at 20 mV/s.

When all the metallic ionic species are present in the electrolyte (the case for the CV of the
NiSn-GO system), only a single cathodic peak at —0.43 V is observed, which may be assigned to a
direct co-deposition of both metals (although the Ni?*/Ni process alone was —0.72 V, more negative)
with NiSn alloy formation. As Figure 2c shows, the presence of GO in the electrolyte does not induce a
significant displacement of the cathodic peak assigned to the alloy electrodeposition as previously
reported in [35]. Furthermore, the cathodic peak current for the NiSn system containing GO is slightly
higher than that without GO. On the anodic branch of the CV, three oxidation peaks are evidenced,
which may be ascribed to tin dissolution, to nickel dissolution and to the oxidation of Sn2* to Sn*t.
An increase in the current of the peak assigned to the oxidation of Sn>* to Sn** was also observed.

3.2. Pulse Current Electrodeposition of NiSn-rGO Composite and Surface Characterization

The influence of the pulse current parameters on the incorporation of the carbonic material into
the metallic matrix was investigated. In order to keep the graphene oxide content in the electrolyte
constant, ultrasound stirring was used during the pulse electrodeposition process. The Ton time was
kept constant, while the Topp time varied. The operating parameters set during the electrodeposition
of the composite material are presented in Table 2.

Table 2. Operating parameters for the electrodeposition of NiSn-rGO from ILEG, t = 30 min and a
constant peak current density.

Electrolysis Parameter NiSn-rGO-P1 NiSn-rGO-P2 NiSn-rGO-P3
. . Ton = 500 ms Ton =500 ms Ton =500 ms
_ - f th 1 ON ON ON
On- and off-time duration of the pulse Topr = 250 ms Topr = 500 ms Topr = 1000 ms
Frequency (f) f=133Hz f=1Hz f=0.67Hz
Duty cycle () 6=0.67 6=05 6=0.33
Peak current density (ip) ip =20 mA/cm? ip =20 mA/cm? ip =20 mA/cm?

Ton and Topr are the on and off time durations of the pulse.

As can be observed from the SEM micrographs shown in Figure 3, the increase in the Topr time
seems to lead to a better incorporation of the carbon-based material, since the chance of the graphene
sheets reaching the cathode is increased. NiSn-rGO-P3 showed a better distribution of the rGO sheets
on the surface of the coating and a change in the morphology.
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500 nm

(@)
Figure 3. SEM micrographs of samples: (a) NiSn-rGO-P1, (b) NiSn-rGO-P2 and (c) NiSn-rGO-P3.

Considering the optimal pulse plating conditions, Ton = 500 ms and Topr = 1000 ms, NiSn alloys
and NiSn-rGO composite coatings were prepared at several values of the peak current density,
as presented in Table 3. Figures 4 and 5 show the SEM micrographs of NiSn alloys and NiSn-rGO
composite coatings prepared by electrodeposition at different current peak densities.

Table 3. Operating parameters for the electrodeposition of NiSn-alloy and NiSn-rGO from ILEG at
various peak current densities.

Electrodeposition

Coatings Parameters Peak Current Density
NiSneallovs Ton = 500 ms NiSn-P3.1 NiSn-P3.2 NiSn-P3.3 NiSn-P3.4
Y Torr = 1000 ms ip =10mA/em? i, =15mA/em? i, =20 mA/em? i, = 25 mA/cm?
NiSHrGO F=0.67Hz NiSn-rGO-P3.1  NiSn-rGO-P3.2  NiSn-rGO-P3.3  NiSn-rGO-P3.4
=R 0=033 ip =10mA/em?  ip =15mA/em?  ip =20 mA/em?  ip = 25 mA/cm?

(© (d)

Figure 4. SEM micrographs of NiSn alloys obtained at different peak current densities: (a) NiSn-P3.1,
(b) NiSn-P3.2, (c) NiSn-P3.3 and (d) NiSn-P3.4.
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Figure 5. SEM micrographs of NiSn-rGO obtained at different peak current densities: (a) NiSn-rGO-P3.1,
(b) NiSn-rGO-P3.2, (c) NiSn-rGO-P3.3 and (d) NiSn-rGO-P3.4.

The elemental composition of the coatings was determined using the EDX technique. The carbon
determined by the EDX analysis is originated not only from the rGO sheets but also from the deep
eutectic solvent. The results showed that the composition of the alloys did not change with the peak
current density applied. Values of 65.83 + 2.11 Sn/31.34 + 2.13 Ni and 65.65 + 1.34 Sn/30.51 + 1.42 Ni
ratios of weight percentage were determined for the NiSn alloys and for the composites, respectively.

The EDX elemental map of the NiSn-rGO-P3.3 composite coating is presented in Figure 6. As can
be observed, the graphene sheets are well distributed over the surface of the coating.

Figure 6. Energy dispersive X-ray (EDX) map of main elements on the composite NiSn-rGO-P3.3.

Additionally, an X-ray line mapping analysis was performed on a sheet presented on the surface
of the composite coating (see Figure 7). As can be observed, the recorded line profile exhibits an
increase in the carbon content when the analysis is performed on the sheet, while the composition of
Ni and Sn elements remains almost constant.
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Figure 7. Energy dispersive X-ray (EDX) line scan on the composite NiSn-rGO-P3.3.

From the performed SEM analysis, we were able to observe the presence of the rGO sheets on
the surface of the composite coatings. In order to confirm the incorporation of the sheets into the
metallic matrix, cross-sectional SEM analysis of the composite coatings was done. As can be seen in
Figure 8, the sheets can be clearly observed in the cross-section of the composite coating, confirming the
co-deposition of rGO into the metallic NiSn matrix.

Cross-SE Cross-BSE

(a) - H
(b)
1pm

Figure 8. SEM micrographs collected with different detectors, secondary electrons (SE) and backscattered
electrons (BSE) in the cross-section of: (a) NiSn-P3.3 and (b) NiSn-rGO-P3.3.

3.3. Characterization of NiSn-rGO Composite by Raman Spectroscopy

Raman spectroscopy represents a widely used technique for the characterization of carbon-based
materials, being able to provide abundant information regarding chemical modification, crystallite size
and crystal disorder [42]. Figure 9 comparatively illustrates the recorded spectra of the commercial
graphene oxide and the NiSn-rGO-P3.3 composite coating.
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Figure 9. Raman spectra of: (top) graphene oxide and (bottom) the composite NiSn-rGO-P3.3.

The Raman spectra, as expected, reveal the signature of carbon based materials, which consist of
three bands, D (~1350 cm™!), G (~1600 cm™!) and the splitting of 2D Raman active bands centered at
~2900 cm~!. The 1st order region from the Raman spectra of the graphene oxide and the composite
material was deconvoluted into five peaks (D4, Dy, D3, G and D;) using a Gauss function (see
Figure 10) [43]. Additionally, the Raman spectra of the 2nd order region were deconvoluted in four
peaks (G*, 2D4, D; + G and D; + G) using Voigt and Gauss functions for graphene oxide and the
NiSn-rGO composite respectively, as shown in Figure 11 [44].

Graphene oxide NiSn-rGO composite
3000 2
R=0.998 ~ 2.
g 32 ala i g I/1.=1.34
2500 - e 3 200 |- 3 ® B2
b, A 2 g it N 3 AJA,=2.13
2000 e f\ b

ApfAg=1.85

1500

1000

Intensity (cnt)
Intensity (cnt)

500

1000 1500 2000 1000 1500 2000

Raman shift (cm™) Raman shift (cm™)

Figure 10. Deconvolution of the peaks from the 1st order Raman region of the signal emitted by
graphene oxide and the NiSn-rGO-P3.3 composite. The sum of the deconvolution is marked with an
orange line.
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Figure 11. Deconvolution of the peaks from the 2nd order Raman region of graphene oxide and the
NiSn-rGO-P3.3 composite. The sum of the deconvolution is shown with an orange line.

The D band corresponds to the Az breathing mode of the disordered sp?-hybridized graphitic
structure, while the G band is related to the Eyy breathing mode. The G band originated from the
stretching of the C-C bond in the hexagonal plane and is common to all sp? carbon systems. The 2D
band is associated with a phonon process and its position strongly depends on the excitation energy of
the laser [45,46].

The degree of disorder and the average size of the in-plane sp? domains are determined from the
intensity ratio of the D and G bands (Ip/Ig). The Ip/Ig ratio of NiSn-rGO was estimated as 1.34, which is
higher than that of GO (1.01), thus clearly indicating that a change in the structure of the carbon-based
material took place during the electrodeposition. The increase in the Ip/Ig ratio suggests the formation
of new domains of conjugated carbon atoms as a result of the removal of the oxygen-containing groups,
indicating that more defects could have been introduced during the electrochemical reduction process.
Moreover, a red shift of the G band is observed in the composite material (1594 cm™!) as compared to
GO (1601 cm ™), which could be attributed to the partial recovery of the hexagonal sp? carbon network,
evidencing the partial electrochemical reduction of GO [47,48].

Additionally, the crystallite size of the sp? lattice (L,) was determined according to the equation
proposed by Pimenta et al. [49]:

-1
L, = 2.4-10710A7 - (Ic) (6)

where Ay, is the excitation wavelength. For the commercial graphene oxide, a size value of 19 nm was
determined, while for the composite, the value is 14 nm.

3.4. XRD Analysis

The XRD patterns of NiSn-P3.3 alloy and NiSn-rGO-P3.3 composite coating are presented in
Figure 12. As can be seen, the revealed patterns are similar. The XRD pattern of the NiSn-rGO was
plotted on a logarithmic scale in order to show the low-intensity peaks. The NiSn metastable phase is
formed by electrodeposition in both cases [50]. The XRD patterns exhibit a strong peak at around 43°,
which corresponds to the (110) plane of the NiSn metastable phase.
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Figure 12. X-ray diffraction patterns of electrodeposited NiSn-P3.3 alloy and NiSn-rGO-P3.3 composite
on copper substrate: (a) linear scale and (b) logarithmic scale.

Scherrer’s equation was used to determine the crystallite size. A decrease in the crystallite size
was observed when graphene was added to the electrolyte from 18.6 nm in the NiSn alloy to 12.1 nm
in the composite. This behaviour is consistent with the Raman results. The presence of graphene may
increase the nucleation sites and retard the growth of the crystals by affecting the diffusion of the ions
to the existing nucleation sites [51].

3.5. AFM Studies

The nickel-tin alloy (NiSn-P3.3) and the composite coating (NiSn-rGO-P3.3) were examined by
atomic force microscopy (AFM) in contact mode. Figure 13 shows the topography signal acquired in
contact mode on an area of 10 x 10 um? for NiSn alloy and NiSn-rGO composite.

(@) (b)

Figure 13. The 10 X 10 um? 3D atomic force microscopy (AFM) topography images of (a) NiSn-P3.3-alloy
and (b) NiSn-rGO-P3.3.

The values of root mean square roughness (Rryms) and the roughness average (Ra) parameters are
presented in Table 4. By comparison, the surface roughness increases with the addition of graphene
oxide, also in agreement with the findings reported in [31].
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Table 4. Statistical roughness quantities calculated for the 2D topography image (10 X 10 um?) for
NiSn-P3.3 alloy and NiSn-rGO-P3.3 composite coatings.

Roughness NiSn-P3.3 Alloy NiSn-rGO-P3.3
Rrms 60.75 nm 117.03 nm
Ra 48.63 nm 91.12 nm

Rgrms: root mean square roughness and Ra: roughness average.

Additionally, the topography, lateral force and current signals were acquired simultaneously in
contact mode on an area of 3 X 3 um?, as illustrated in Figure 14.

Electrical conductivity

Surface morphology Friction force variation with +4V applied bias voltage
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Figure 14. The 3 x 3 um? 2D AFM images of: (a) NiSn-P3.3-alloy and (b) NiSn-rGO-P3.3 composite.

The topography images show a surface with round particles for both materials. However,
the localization of the rGO sheets was not possible in the topographic image nor in the friction force
map, since there are no contrasting regions in the expected shape.

With the conducting atomic force microscopy (C-AFM), using an electrically conductive probe
tip in contact mode, it was possible to map the changes in the surface conductivity, as is presented in
Figure 14. The high conductivity zones are red, while the lower conductivity regions are blue. As can
be seen in Figure 14, the NiSn-P3.3-alloy exhibited larger regions of higher electrical conductivity
(12 nA-16 nA) than the NiSn-rGO-P3.3 composite, whose” largest area is described by lower electrical
current values (below 11 nA). The decrease in the electrical conductivity of the composite could be
attributed to an imperfect removal of the oxygen groups from the GO sheets. Table 5 presents the
values of the I, and Igps related to the conductivity studies. An increase in the I, and Irys electrical
parameters was noticed in the composite material (I, = 3.09 nA and Ixms = 4.29 nA) as compared to the
pure NiSn alloy, where values of 2.87 nA for I, and 3.17 nA for Iryis were found. The increase in the I,
and Irps electrical parameters show an increase in the measured electrical current value deviation
from the mean current value on the conductivity map. This increase could be the result of the presence
of non-reduced GO sheets, that are behaving as insulators.
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Table 5. Electrical conductivity values for the specimens from Figure 14.

Electrical Conductivity

Sample Scan Area (um?) Expressed as Electric Current
IRMS (nA) Ia (nA)
NiSn-P3.3 alloy 3%3 3.17 2.87
NiSn-rGO-P3.3 composite x 4.29 3.09

Irms: root mean square electrical current and I,: average electrical current.

3.6. Corrosion Behavior of the NiSn Alloy and NiSn-rGO Composite Coatings

The corrosion performance of the electrodeposited NiSn-P3.3 alloy and NiSn-rGO-P3.3 composite
coatings was assessed by recording of the potentiodynamic polarization curves and the electrochemical
impedance spectroscopy (EIS) spectra in aerated 0.5 M NaCl solution after different periods of
immersion at room temperature. Prior to each experiment, the electrode potential of the specimen was
allowed to stabilize in the electrolyte until a constant value of open circuit potential was obtained.

The semilogarithmic Tafel curves of potentiodynamic polarization measurements performed in
0.5 M NaCl after different periods of exposure are illustrated in Figure 15. The corrosion potential (Ecorr)
and the corrosion current density (icorr) were determined by extrapolation from the Tafel plots and the
obtained values are listed in Table 6. On the initial moment of immersion, the NiSn-rGO composite
coating showed better corrosion resistance as compared to NiSn alloy one because Eco shifted to
more positive values and corrosion current density decreased by more than an order of magnitude.
After longer immersion periods, of 168 and 336 h of exposure respectively, to the aggressive medium,
the values of the corrosion potential and corrosion current density are quite similar, regardless of
the coating type. This phenomenon might be due to the activation of some defects present on the
NiSn-rGO surface (not initially visible). The non-uniform distribution of the rGO within the alloy
matrix is not excluded, thus allowing the diffusion of the aggressive Cl~ ions through the layer.

Ni-Sn allo : :
1.5 y 15 Ni-Sn/rGO composite
—initial
> 109 [—initial 1.04
~ ——168h >
O 051 E—336h = 0.5
2 (@)
(=]
? 0.0 % 0.0
~ <
& -0.51 = -0.54
" 2
L -1.04
-1.0 w 1.0
—1'5_ -1‘5_ T T T T T T
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) ¥ 0 -2
log (i / A.cm™2) log (i/A.cm™2)

Figure 15. Polarization curves in semilogarithmic coordinates in 0.5 M NaCl for different periods of
immersion (25 °C, 5 mV s71).

Table 6. Values of corrosion parameters resulting from polarization curves in 0.5 M NaCl for NiSn-P3.3
alloy and NiSn-rGO-P3.3 composite coatings after different conditioning periods.

. NiSn-P3.3 Alloy NiSn-rGO-P3.3 Composite
Immersion . .
Period Ecorr, 1corr, Ecorr, 1corr,
V/Ag/AgCl nA/cm? V/Ag/AgCl nA/cm?
Initial —-0.84 + 0.002 170 + 2.16 —0.57 = 0.001 10.6 + 0.16
168 h —0.86 = 0.001 11.2 £ 0.31 —-0.76 = 0.003 9.5+0.22

336 h —-0.61 + 0.01 31.6 £0.28 -0.67 + 0.001 34 +£0.87
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The electrochemical impedance spectra of NiSn-P3.3 alloy and NiSn-rGO-P3.3 composite coatings
recorded at open circuit potential (OCP) in 0.5 M NaCl solution for different immersion periods are
illustrated in Figure 16 as Nyquist and Bode plots. All Nyquist diagrams show a semicircle arc in the
relatively high-frequency range. The diameter of the semicircles is associated with the charge-transfer
resistance (R.t), together with film resistance (Rp), which may be correlated to the rate of corrosion:
the larger the resistance, the lower is the corrosion rate. A larger diameter for NiSn-rGO in the initial
state was noticed, which was almost maintained after 168 h of corrosion but became five times smaller
after 336 h of corrosive attack. Bode plots show in all cases values of phase angle maxima in the range
(—=50°——60°) as well as similar dependences of impedance modulus vs. frequency.
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Figure 16. (a) Nyquist plots and (b) Bode plots for Ni-Sn alloy and NiSn-rGO composite coatings in
0.5 M NaCl at open circuit potential, after different periods of immersion (solid lines are the fit of the
experimental data using the inserted equivalent circuit).

The equivalent electrical circuit (EC) to describe corrosion behaviour of NiSn-P3.3 alloy and
NiSn-rGO-P3.3 composite coatings in the NaCl solution is shown in each inset of Figure 16a.

The process can be modeled as a double-layer capacitor (Cq1) in parallel with a charge transfer
resistor (Rcr), which is in series with a circuit containing a film capacitor (Cg) in parallel with a
film resistor (Rg), all in series with the solution ohmic resistance (Rg,). We used, in the model,
the constant phase element (CPE) instead of true capacitances [52,53]. The values of important
impedance parameters, which are obtained by fitting the impedance data with Zview software using
the proposed EC, are listed in Table 7.
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Table 7. Fitting results of electrochemical impedance spectroscopy (EIS) spectra for NiSn-P3.3 alloy
and NiSn-rGO-P3.3 composite coatings after exposure to 0.5 M NaCl solution for various times using
the proposed equivalent circuit.

I ion Period NiSn-P3.3 Alloy NiSn-rGO-P3.3 Composite
mmersion Perio Ry, O Rp, O Ry, O Rg, O
Initial 29 8715 13 23,707
168 h 33 20,160 35 25,142
336 h 38 5890 40 6055

According to the fitting results, coating resistances for the initial moment of immersion of about
8.7 k) for NiSn-P3.3 alloy and of around 23.7 kQ) for the NiSn-rGO-P3.3 composite was estimated,
in good agreement with the obtained results based on the potentiodynamic polarization curves. As the
immersion period increased to 168 h, higher values of R were noticed for both investigated coatings,
suggesting the formation of a protective passive film on the surface. However, after longer immersion
periods of 336 h, a decrease in the film resistance was observed for both the NiSn alloy and NiSn-rGO.
Moreover, the composite material showed a slightly higher value of the film resistance as compared to
the bare alloy.

After 336 h of immersion in 0.5 M NaCl, the morphology of the sample was analyzed by SEM,
as illustrated in Figure 17. The presence of a thin film is observed on top of both samples, evidencing a
nano-petal like morphology, which may be ascribed to the formation of a nickel oxy-hydroxide layer.
A similar morphology was reported in [54] for Ni(OH), nanostructures formed as corrosion products
on Ni nanofoams.

500 nm

(a) (b)

Figure 17. SEM SE micrographs of (a) NiSn-P3.3 alloy and (b) NiSn-rGO-P3.3 composite after 336 h of
immersion in 0.5 M NaCL

4. Conclusions

The above presented investigations show, for the first time, that the electrodeposition of
NiSn-rGO composite coatings on copper substrates can be successfully performed with choline
chloride: ethylene glycol (1:2 molar) deep eutectic solvent.

Uniform NiSn-rGO composite coatings, possessing an adequate adhesion to the Cu metallic
substrate, were electrodeposited under pulse current conditions. The successful incorporation of the
carbon-based material into the metallic matrix was evidenced by Raman spectroscopy and cross-section
SEM analyses. The addition of the graphene oxide sheets in the NiSn alloy matrix led to changes
in the surface morphology, grain size and surface roughness parameters. Additionally, an increase
in the variation of the electrical current values revealed by I, and Irys electrical parameters and a
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slight improvement of the corrosion performance was noticed in the case of the NiSn-rGO composite
coatings when compared to pure NiSn alloy ones.

Some other investigations related to the use of more concentrated GO-based DESs and
their influence on the final properties of the composite coatings, as well as the development of
other rGO-based composites involving other metallic matrices such as silver and indium alloys,
particularly with applications in electronics, are scheduled for further investigations.
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