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Synthesis of super-hydrophobic Ni-ITO nanocomposite with pine-cone and spherical
shaped micro-nanoarchitectures by pulse electrodeposition and its electrocatalytic
application
P. Sivasakthi, G. N. K. Ramesh Bapu*, Maruthai Chandrasekaran and S. S. Sreejakumari
CSIR-Central Electrochemical Research Institute

Karaikudi 630006, Tamil Nadu, India
Abstract

A super-hydrophobic Ni-ITO nanocomposite on mild steel substrate was prepared by
pulse electrodeposition method from nickel sulphamate electrolyte and was examined as
electrocatalyst for electo-reduction of nitrobenzene. The chemical composition, surface
morphology, surface topography, preferred orientation and contact angle of deposited Ni and
Ni-ITO nanocomposite electrodes were analysed by EDAX, FE-SEM, AFM, XRD and static
contact angle mode using Laplace—Young calculation method. Electrochemical reduction of
nitrobenzene on this super-hydrophobic electrode was studied by cyclic voltammetry. The
spherical nanostructures with high active surface area, high contact angle (161.8%) and higher
electrocatalytic performance for the reduction of nitrobenzene were obtained on super-

hydrophobic Ni-ITO nanocomposite compared to nickel deposit alone (contact angle 110°).
Introduction

In recent years, multifunctional super-hydrophobic surfaces with two or more
functional properties of materials are of interest for fundamental research and in many
practical applications. Surfaces with larger contact angle (CA) greater than 150° are called
super-hydrophobic surfaces.” Super-hydrophobic surfaces are obtained by creating micro-
nano structured hydrophobic surfaces or chemically modifying the micro-nano structured
surface with low surface free energy materials or enhancing surface roughness.“'8 Super-

hydrophobic surfaces have been widely used in electrical industry, micro-fluidic devices,
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satellite antennas and conductors due to their water repellence, self-cleaning, anti-corrosion,
and anti-icing properties.”'* Therefore, it is important to develop a facile and low cost
method to prepare super-hydrophobic surfaces with multifunctional properties for wide range
of practical applications. Super-hydrophobic surfaces can be prepared by various methods
such as plasma etching, chemical vapour deposition, anodic oxidation, phase separation, sol-
gel method and electrodeposition.ls'21 However, electrodeposition is one of the best method
due to its convenience and economy.”* In electrodeposition, pulse current plating offers a
greater control over the structure and properties of electrodeposits than the conventional
direct current plating and pulse reverse current plating.” Nanocomposite as super-
hydrophobic materials find wide application in electrocatalysis and electroanalysis due to
their high surface/volume ratio and chemical stability. Hui Zhang et al. reported
superhydrophobicity of shape controlled gold nanoarchitectures for electrocatalytic
properties.”* Metals (e.g., Au, Pt, Pd, Cu, Ni and Ag) and metal oxides (e.g., TiO, and ITO)
nanocomposite materials can be used as electro-catalyst (electro-reduction or electro-
oxidation) due to their increased surface area, enhanced mass transport and catalysis.zs'26
Nickel possesses high hardness, better tribological, anticorrosion, antioxidation and
hydrophobic properties. Nickel suspensions with nanoparticles provide super-hydrophobicity,
which can greatly broaden its application. Corrosion resistance and long-term durability of
super-hydrophobic nickel film using ethylenediammonium dichloride as crystal modifier
prepared by electrodeposition process were studied by Khorsand et al.”” Super-hydrophobic
nickel films with micro-nano hierarchical structure using ethylenediammonium dichloride as
crystal modifier prepared by electrodeposition.?® Indium tin oxide (ITO) nanoparticles find as
useful conducting materials for the fabrication of devices due to mechanical characteristics,
low cost, high electrical conductivity, wide electrochemical working window, stability and

high surface area.”’ Hoo keun park et al. reported the fabrication and characterization of
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large-scale multifunctional transparent ITO nanorod films.* Although very few reports have
been published on Ni-ITO nanocomposite electrode as an electrocatalyst for certain analytes,
there has hitherto been no report on the pulse electrodeposited super-hydrophobic Ni-ITO
nanocomposites for the electro-reduction of nitrobenzene. In this article, we present super-
hydrophobic Ni-ITO nanocomposite by pulse electrodeposition for electro-reduction of
nitrobenzene as shown in Scheme 1. Ni-ITO nanocomposite is expected to improve the
technological advancements in the area of novel electrochemical applications and industrial
applications.
Experimental
Preparation of Ni and Ni-ITO nanocomposite electrode

All chemicals were of analytical grade and the plating solutions were prepared in
double distilled water. Bath composition and operating conditions are shown in Table 1. The
required amount of ITO nanoparticles was mixed with nickel sulphamate bath solution and
agitated by a mechanical stirrer continuously for 8 h to achieve a homogeneous suspension.
An electrolytic grade pure nickel was used as the anode, mild steel specimen with an area of
2.5 cm x 5 cm was used as the cathode. The steel substrate was polished sequentially with 4,
5 and 6 grade emery papers and degreased with trichloroethylene and then electro-cleaned at
6 A dm? in 25 g 1" Na,COs and 35 g I”' NaOH solution at 70 “C followed by activation in
5% H,S04 solution for 20 seconds. A micro star pulse power supply (DPR 20-10-30, USA)
was used in the experiment for deposition of Ni and Ni-ITO nanocomposite coatings by pulse
currents.
Characterization of Ni and Ni-ITO nanocomposite electrode

Field emission scanning electron microscopy (FE-SEM) Carl Zesis and energy

dispersive X-ray spectrometer (Hitachi, Model S-3000H) were used to analyze the

morphological features and chemical composition of the Ni and Ni-ITO nanocomposite
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deposits. Atomic Force Microscopy (AFM), Model Pico Scan 2100 (Molecular Imaging,
USA) was employed in a contact mode with a silicon nitride tip to reveal the 3D surface
topography of the deposits. X-ray diffraction patterns were recorded using a Bruker D8
Advance X-ray diffractometer with a Cu Ka radiation (A = 1.5418°A) and scanned at 10-100°
(20) at a rate of 2 degree per minute. The wettability and water contact angle of deposited Ni
and Ni-ITO nanocomposite were measured on Automatic Video based Contact angle
measuring instrument from Data Physics Instruments GmbH (Model OCA 35, Germany).
The analyses of Contact angle were carried out in static contact angle mode using Laplace-
Young calculation method and the size of the water droplet was 5 pL for all the
measurements.
Electro-reduction of nitrobenzene on Ni and Ni-ITO nanocomposite electrodes
Electrochemical measurements were performed on an Autolab PGSTAT-30
potentiostat/galvanostat (Eco Chemie, Netherlands) in a conventional three-electrode glass
cell with an area of 1 cm?” of the deposited Ni and Ni-ITO nanocomposite exposed on one
side as working electrode, a platinum foil as counter electrode and an Ag/AgCl as reference
electrode at 25 + 1 °C.

Results and discussion

The chemical composition and weight percentage (Wt.%) of elements present in Ni-
ITO nanocomposites were determined by the EDAX analysis as shown in Fig. 1(a-d), which
clearly indicates the incorporation of the ITO nanoparticles in the Ni-ITO nanocomposite.
The weight percentage of In and Sn in the nanocomposite is given in Table 2. The effect of
concentration ITO nanoparticles in the electrolyte on weight percentage of ITO nanoparticles
in the Ni-ITO nanocomposite is shown in Fig. le which is confirmed by EDAX analysis. It
clearly reveals that the weight percentage nanoparticles in the nanocomposite depend on the

concentration of suspended nanoparticles in the electrolyte. The weight percentage 1TO
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nanoparticles in the nanocomposite increases with the increasing concentration of the ITO
nanoparticles and reaches the optimized incorporation of 1.74 wt.% at 2.5 g I"'. Further
increase in concentration of ITO nanoparticles above 2.5 g 1" resulted a decrease in the
weight percentage of ITO nanoparticles in the nanocomposite deposition as shown in Figs.
1(d and e). This indicated that the adsorption of ITO nanoparticles in the nanocomposites has
reached the saturated state. According to Guglielmi’s two-step adsorption mechanism,”’ the
incorporation of ITO nanoparticles can be attributed to the adsorption of suspended particles
on the cathode surface. Once particle is adsorbed, the metal starts build around the cathode
slowly and incorporates the particles. As suggested by absorbing theory, the co-deposition of

nanoparticles and metals on the cathode surface is through Vander walls forces.*

Figure 2 shows the FE-SEM images of the pulse electrodeposited Ni (hydrophobic) and
Ni-ITO nanocomposite (super-hydrophobic) from nickel sulphamate electrolyte at 4 A dm™
on mild steel substrate. As can be seen, nickel deposit revealed a pine-cone structure as
shown in Fig 2a. Whereas, Ni-ITO nanocomposite in Fig. 2b clearly shows that, the pine-
cone structure was modified into spherical structure due to the distribution of ITO
nanoparticles reinforcements on the boundaries of nickel grains. These results suggest that
surface featured with pine-cone (Ni) and spherical (Ni-ITO) micro-nano structure favours for

acquiring the hydrophobic and superhydrophobic surfaces.

The wetting behaviour and water contact angle (CA) of the Ni and Ni-ITO
nanocomposite at different concentration of ITO nanoparticles were measured. As shown in
Fig. 3a pine-cone structure of Ni shows the contact angle is 110.5°. It indicates that the
smooth surface of nickel can be turned up to hydrophobicity. The super-hydrophobic
properties can be achieved either by (i) special surface chemistry (ii) surface geometrical
microstructure (iii) enhancing surface roughness of hydrophobic materials and (iv)

chemically modifying the micro-nano structure surface.”® Therefore, nickel deposit required
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one of the above critical conditions for the modification of the hydrophobic into
superhydrophobic. However, after addition of ITO nanoparticles in the electrolyte, the
contact angle is increased to 117°, 157.9 and 161.8 for 0.10, 0.56 and 1.74 wt.% of ITO
nanoparticles in the nanocomposite. Furthermore, increasing the wt.% of ITO nanoparticles
in the nanocomposites, increased contact angle and attains the optimum value of 161.8° at Ni-
25¢g I ITO as shown in Fig. 3 (b-d). These results indicated that the Ni-ITO nanocomposite
with spherical structure shows super-hydrophobic with high contact angle and possesses
excellent water-repellent property than that of the pine-cone structure of nickel deposit.
According to Wenzel’s equation, the roughness is directly proportional to contact angle and

inversely proportional to wettability as shown in the equation (1).>*
cos 0 =r cos 0y 1)

Where 0 represents the apparent contact angle of water on the actual surface, 0y is the
equilibrium contact angle on a smooth flat surface and r is the surface roughness ratio.
Moreover, the addition of the ITO nanoparticles can generate numerous grooves on the nickel
surface in which the air can be trapped and preventing the penetration of liquid droplets into
the surface roughness that leads to the larger contact angle as proposed by Cassie-Baxter

equation (2).”’
cos 0 = f;cos0y- (1-15) ?2)

Where 0 represents CA of water on a rough surface, 0y is the intrinsic contact angle on a flat
surface. fs and (1-fs) are the area fraction of solid surface and air. Therefore, it can be
concluded that pine-cone structure of Ni deposit is naturally hydrophobic and modified the
spherical structure with super-hydrophobicity due to the incorporation of ITO nanoparticles

on the nickel deposit surface.
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The surface roughness of nickel and Ni-ITO nanocomposites were characterized by
Atomic Force Microscopy (AFM) are shown in Fig. 4. The average roughness (Ra) values are
0.08 um and 0.22 pm for nickel and Ni-ITO nanocomposites. It was found that roughness
increased with the addition of ITO nanoparticles compared with Ni. The higher roughness
value contributes to the enhancement of the contact angle.27 It was noted that the water
droplets were unstable, anti-adhesive and immeasurable for Ni-ITO nanocomposites (CA

161.8 °).

The crystal phase and structure information of deposited Ni and different weight
percentage of ITO nanoparticles with nickel nanocomposite were characterized by XRD
analysis is shown in Fig. 5. It revealed that the diffraction peaks at 44.8°, 52.2°, 76.7°, 93.2°
and 98.7 were indexed as (111), (200), (220), (311) and (222) plane for face-centred cubic
(fcc) of nickel (JCPDS Card No. 01-087-0712). The XRD pattern of the nanocomposite
additionally shows small peak at 31°for ITO nanoparticles as shown in Fig. 5d, indicating the
presence of ITO in it. For Ni and Ni-ITO nanocomposite, the relative intensity of orientation
is (200) and (111) respectively. Furthermore, the weight percentage of the ITO nanoparticles
increasing with increased relative intensity of (111), (220), (311) and (222) planes compared
with nickel. Qu et al, has reported a similar pattern for fabrication of Ni-CeO,
nanocomposite.’ It is because, with increase the concentration of ITO nanoparticles in the
sulphamate bath, the growth of (200) orientation is inhibited as the formation of both
hydrogen and nickel hydroxide are partially adsorbed on to the cathode surface during the
electrodeposition of nickel that leads to the preferred relative intensity of (111) orientation for

Ni-2.5 g I'' ITO nanocomposite and suppresses the (200) orientation for Ni.

The super-hydrophobic Ni-ITO nanocomposite electrode was examined for the
electrochemical catalytic activity. Electro-reduction of nitrobenzene was taken as a model

reaction system. Fig. 6 shows the cyclic voltammograms of the reduction of nitrobenzene for
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hydrophobic Ni (CA 110.5%) and super-hydrophobic Ni-ITO nanocomposite (CA 161.8%)
electrode in pH 7 B-R buffer solution containing 3 mM nitrobenzene at 80 mVs™. The curve
(blue) represents the smooth background voltammograms recorded for Ni electrode in buffer
solution. The on-set potential for hydrogen evolution is around -750 mV. The hydrogen
evolution potential shifted cathodically i.e., from -750 mV to -950 mV in the presence of
nitrobenzene (curve black). No separate reduction peak/wave was observed for nitrobenzene
on hydrophobic Ni (CA 110.5°) electrode. The reduction of nitrobenzene merges with the
hydrogen evolution process. On the other hand, a well distinct reduction peak at -950 mV
was observed for nitrobenzene reduction process on the super-hydrophobic Ni-ITO
nanocomposite electrode (CA 161.8%) and no peak was observed in the reverse direction. The
hydrogen evolution starts at -1.150 V. The reduction of nitrobenzene on super-hydrophobic
Ni-ITO nanocomposite (CA 161.8°) electrode takes place at lesser potential with
appreciable/measurable current compared to hydrophobic Ni (CA 110.5%) electrode. The
electrocatalytic behaviour of nitrobenzene reduction process is attributed to higher active
surface area of super-hydrophobic Ni-ITO nanocomposite electrode. The cyclicvoltammetric
studies revealed the scope for further investigation on the reduction nitrobenzene and other

organic molecules.
Conclusions

In this work, we presented the low-cost and facile method of pulse electrodeposition for
preparation of super-hydrophobic Ni-ITO nanocomposite without crystal modification and
showed the electrochemical activities for reduction of nitrobenzene. The as-prepared Ni and
Ni-ITO nanocomposite electrodes were characterized by EDAX, FE-SEM, AFM, XRD and
contact angle measurements. It was found that with the incorporation of ITO nanoparticles,
the morphology of the nickel deposit changed from pine-cone to spherical structure. The

weight % of ITO nanoparticles in the deposit increases with increasing ITO nano particles
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concentration in the electrolyte. With the addition of ITO nanoparticles, the relative
intensities of (111), (220), (311) and (222) orientation significantly increased compared with
(200) orientation of pure nickel. The water contact angle of the nickel deposit varied from
110° (hydrophobic) to 161.8° (super-hydrophobic) with the addition of ITO nanoparticles.
Cyclic voltammetry result showed that, Ni-ITO nanocomposite electrode increases the

electrocatalytic activity towards electro-reduction of nitrobenzene compared with pure Ni.
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Scheme 1 Schematic illustration of the preparation of pulse electrodeposited super-

hydrophobic Ni-ITO nanocomposite for electro-reduction of nitrobenzene.
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Fig. 1 EDAX analysis of (a) Ni-0.5 g I ITO (b) Ni-1 g I ITO (c) Ni-2.5 g I ITO
(d) Ni-5 g 1" ITO nanocomposite and (e) effect of ITO nanoparticles in the electrolyte on

weight percentage of ITO nanoparticles in the Ni-ITO nanocomposite.
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Fig. 2 FE-SEM images of (a) Ni and (b) Ni-2.5 g I'' ITO nanocomposite.
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Fig. 3 Water contact angle measurements on (a) Ni (b) Ni- 0.56 wt.% ITO (c) Ni-1.74 wt.%

CA: 161.8

ITO and (d) Ni-0.10 wt.% ITO nanocomposite.
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(d) Ni-1.74 wt.% ITO and (e) Ni-0.10 wt.% ITO nanocomposite.
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Fig. 6 Cyclic voltammograms of Ni (hydrophobic) and Ni-ITO nanocomposite (super-
hydrophobic) electrode for electro-reduction of nitrobenzene in pH 7 B-R buffer solution

containing 3 mM nitrobenzene at 80 mVs™'.
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Table 1 Bath composition and operating conditions of nickel sulphamate plating bath.

Bath constituents

Composition and operating conditions

Ni(SO3;NH,), (Nice Chemicals)
H3;BO; (Nice Chemicals)

NiCl,. 6H,0 (Nice Chemicals)
Sodium lauryl sulphate (Nice Chemicals)
ITO nanoparticles (Sigma Aldrich)
Current density

pH

Time

Temperature

Stirring

Pulse duty cycle

Pulse frequency

300 g1
40g1™!
51"
0.05g1™"
0.5,1,2.5and 5 g1
4 Adm™
3

30 min
50 -C
600 rpm
10%

10 Hz
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Table 2 Effect of ITO nanoparticles in the electrolyte on weight percentage of ITO

nanoparticles in the Ni-ITO nanocomposite.

Concentration of ITO nanoparticles in | Weight percentage of In and Sn nanoparticles in

nickel sulphamate electrolyte (g 1™) Ni-ITO nanocomposite (wt.%)
0.5 0.31
1 0.56
2.5 1.74

5 0.10




