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In this paper, Ni-Mo/TiO. nanocomposite coatings were successfully deposited from a modified
ammonia-citrate bath containing TiO> nanoparticles. Phase identifications and microstructural
characterizations of the as-prepared coatings were obtained by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The corrosion behaviour was evaluated by a potentiodynamic polarization
test and electrochemical impedance spectroscopy (EIS). It is established that the compact, crack-free Ni-
Mo/TiO2 nanocomposite coatings are composed of a Ni-Mo alloy matrix and a TiO2 phase, and both the
content of Mo and TiO: in the obtained composite coatings increase with an increased addition of TiO:
in the plating bath. The Ni-Mo/TiO2 nanocomposite coatings exhibit much nobler Ecorr, lower icorr and
larger Rt values than those of the Ni-Mo alloy coating. Among all Ni-Mo/TiO2 nanocomposite coatings,
the Ni-Mo/TiO; IV coating, deposited from a bath containing 40 mg/L TiO2 nanoparticles, shows the
best corrosion resistance.
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1. INTRODUCTION

Electrodeposited hard chromium coatings are widely used in industry for improving the corrosion
and wear resistance of many substrate metals (such as low-carbon steel and copper pipes) [1, 2].
However, its application is opposed by governments and environmental protection departments because
of the toxicological and environmental restrictions of hard chromium use in industry [3]. Therefore,
exploiting and applying alternative coatings, which are environmentally friendly and possess comparable
performance with hard chromium coatings, have attracted increasing attention [4-6].
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Metals in group VIB (molybdenum and tungsten), which exhibit high hardness and excellent
corrosion resistance, have been demonstrated as potential candidates to replace hard chromium as a
protective coating [7]. Molybdenum cannot be electrodeposited from aqueous solutions, but they can be
induced by co-deposition with iron group metals to form alloy coatings (such as Fe-Mo, Co-Mo, Ni-Mo,
and Ni-Fe-Mo) [8-10]. Among them, the Ni—-Mo alloys are promising materials due to their high catalytic
activity towards the hydrogen evolution reaction (HER) and their corrosion resistance [11, 12].

Electrodeposited nanocomposite coatings have become hot research topics because the second-
phase reinforcing nanoparticles can greatly enhance the intrinsic performances or give extra specific
characteristics [13-15]. Recently, a number of nanoparticles, such as ZrO, [11], Al.Oz [12],
montmorillonite [13], and graphene oxide [15], have been incorporated into the Ni-Mo alloy matrix as
a strengthening phase for better mechanical properties and corrosion resistance. TiO3, a typical and
superior ceramic material, has been used as reinforcing particles to improve the wear and corrosion
resistance of electrodeposited coatings (e.g., Zn [15], Ni [16], Ni-Co [17], Ni-W [18], Ni-P [19], etc.).
However, few studies have been reported on TiO-reinforced Ni-Mo nanocomposite coatings. Thus, an
investigation of incorporating TiO- particles into Ni-Mo to fabricate composite coatings is quite
meaningful and necessary.

Because low-carbon steel is widely used as an engineering material and its application is limited
by its relatively high chemical activity, various surface treatments and coating technologies have been
employed to enhance its corrosion, of which an electroplated composite coating is a promising option
[20-22]. Therefore, the present work focuses on the electrodeposition of a Ni-Mo/TiO2 nanocomposite
coating and finding the optimum preparation parameters. To the best of our knowledge, this is the first
attempt to co-deposit Ni-Mo/TiO2 nanocomposite coatings on the surface of low-carbon steels to
improve its hardness and corrosion resistance.

2. EXPERIMENTAL

The Ni-Mo/TiO2 nanocomposite coatings were electrodeposited from a modified ammonia-
citrate bath containing different additions of TiO2 nanoparticles, and the compositions of the plating
baths are listed in Table 1. A direct current electrodeposition method was used in this paper, in which
low-carbon steel (10 mmx10 mm) and a platinum sheet (20 mmx20 mm) were used as the cathode and
anode, respectively. Operating parameters are listed in Table 1. All electroplating baths were prepared
by analytical grade raw materials purchased from National Pharmaceutical and Reagent (China) and
double distilled water.

Table 1. Compositions of the plating baths and the operating parameters

Plating baths Operating parameters
NazMo0O4-2H20: 40 g/L Current density: 20 mA/cm?
NiSQO4-6H,0: 130 g/L Temperature (T): 60
CesHs07 (NHa)3: 48 g/L Stirring speed: moderate, ~100 r/min
C2oHsNO2: 6 g/L pH (adjusted by NH3-H20): 9.000.1

TiO nanoparticles: o, 10, 20, 30, 40, 50 mg/L, respectively.
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Coating morphologies were observed by scanning electron microscopy (SEM, SU5000, Hitachi)
operating at 15 kV. Chemical compositions and distributions of the coating were investigated by using
energy-dispersive spectroscopy (EDS, Oxford). Phase constitutions of the obtained coatings were
characterized by X-ray diffraction (XRD, Empyrean XRD-Panalytical) with Cu Ka radiation (A=1.5406
A), operating at 40 kV and 40 mA and a scanning range from 10° to 80° with a step of 0.01°.

Corrosion behaviours were investigated by a potentiodynamic polarization test in conjunction
with electrochemical impedance spectroscopy (EIS) by using an electrochemical workstation
(CHI660E). The potentiodynamic polarization test was operated from -0.15 V to +0.15 V vs. the
corrosion potential (Ecorr), Using a scan rate of 0.167 mV/s 1. The EIS test was conducted at the open
circuit potential (Ecop), With a voltage perturbation amplitude of 10 mV in a frequency range of 10° Hz
to 10 Hz. The electrochemical tests were conducted in a conventional three-electrode cell (consisting
of the deposited coating as the working electrode, a Pt sheet (20 mmx20 mm) as the counter electrode
and an saturated calomel electrode (SCE) as the reference electrode). All experiments were carried out
at room temperature (~25 °C) in 3.5 wt.% NaCl solution.

3. RESULTS AND DISCUSSION
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Figure 1. Comparisons of the coatings deposited from baths containing different amounts of TiO>
nanoparticles.

Fig. 1 shows the comparisons of the coatings deposited from baths containing different amounts
of TiO2 nanoparticles. It is established that both the Mo content and TiO2 content increase as the TiO>
addition increases in the plating baths. This phenomenon has been observed in previous studies on the
electrodeposition of composite coatings and is attributed to the increased nanoparticles adsorbed on the
cathode surface, which reduces the amount of nuclear energy [23-25]. In this paper, the obtained coatings
(Ni-34.5wt.%, Mo; Ni-38.8 wt.%, Mo-4.8 wt.%, TiO>; Ni-40.2 wt.%, Mo-7.4 wt.%, TiO2; Ni-42.0 wt.%,
Mo0-9.0 wt.%, TiO2; Ni-43.2 wt.%, M0-11.0 wt.%, TiO2; and Ni-43.2 wt.% Mo-11.4 wt.% TiO,) are
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denoted as Ni-Mo, Ni-Mo/TiO2 I, Ni-Mo/TiO2 II, Ni-Mo/TiO III, Ni-Mo/TiO2 IV, Ni-Mo/TiO2 V,
respectively.
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Figure 2. XRD patterns of the obtained Ni-Mo coating (a) and Ni-Mo/TiO; coatings (b: Ni-Mo/TiO; 1,
c¢: Ni-Mo/TiOz 11, d: Ni-Mo/TiO 111, e: Ni-Mo/TiO IV, and f: Ni-Mo/TiO2 V)

Phase compositions of the electrodeposited coatings were determined by an XRD analysis. As
shown in Fig. 2, the sharp, narrow peak at 26~43.7° should correspond to the (1 1 1) plane of a face-
centred cubic (FCC) Ni crystalline. It should be noted that this peak is at a slightly lower degree than
that of the (1 1 1) reflection of pure Ni because the Mo atoms dissolve and substitute into the Ni lattice,
which results in the lattice parameters of the Ni-Mo alloy becoming larger than that of pure Ni [26, 27].
In addition, the peak corresponding to the (1 1 1) plane shifts to a lower degree with an increased addition
of TiO2 nanoparticles in the plating baths due to the increased lattice parameters caused by increased Mo
content in the electrodeposited coating (shown in Fig. 1). It can also be found that a TiO2 phase (PDF
75-1749) exists for the coatings electrodeposited in the plating baths containing TiO2 nanoparticles (10-50
mg/L), while no traces of the TiO2 phase are detected for the coating obtained in the baths without TiO2
nanoparticles (Fig. 1) [28]. The above results confirm that the TiO2 nanoparticles are successfully
introduced into the Ni-Mo alloy coating, which is consistent with the chemical composition results (Fig.
1).

Furthermore, the intensity of the (1 1 1) peak decreases with an increasing addition of TiO»
nanoparticles. As reported in previous studies on the electrodeposition of a Ni-Mo alloy coating, TiO>
nanoparticles can provide nucleated active sites and decrease the total energy of the system for crystal
nucleation and growth [29-32]. Therefore, the (1 1 1) grains with a low energy density will decrease
accordingly [25, 33].
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Figure 3. Surface morphologies of the obtained Ni-Mo coating (a) and Ni-Mo/TiO; coatings (b: Ni-

Mo/TiO2 1, c: Ni-Mo/TiO2 11, d: Ni-Mo/TiO 111, e: Ni-Mo/TiOz IV, and f: Ni-Mo/TiO2 V).
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Figure 4. Polarization curves of the obtained Ni-Mo coating and Ni-Mo/TiO- coatings in the 3.5 wt.%
NaCl solution.
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Fig. 3 shows the surface morphologies of the deposited coatings, which are obviously influenced
by the addition of TiO2 nanoparticles. All the obtained coatings are compact and crack-free. Furthermore,
the coatings deposited in the bath without TiO2 nanoparticles exhibit a cauliflower-like appearance,
which is composed of compact fine grains. This cauliflower-like characteristic of a coating from a bath
containing TiO2 nanoparticles becomes less obvious, and the coating becomes more uniform with an
increased addition of TiO2 nanoparticles. This may be because the TiO2 nanoparticles provide nucleated
active sites and reduce the orientation of the (111) grains (shown in Fig. 2). However, irregular
agglomeration is observed in the Ni-Mo/TiO2 V nanocomposite coating (the addition of TiO» nanoparticles is
50 mg/L) due to an unavoidable agglomeration in the bath containing a high concentration of
nanoparticles at a relatively high temperature (60 °C in this paper).

Table 1. Ecorr and icorr Values extrapolated from the polarization curves

Samples Ecorr lcorr
V) (LA/cm?)
Ni-Mo -0.778 4.23
Ni-Mo/TiO2 1 -0.758 2.25
Ni-Mo/TiO 11 -0.740 1.78
Ni-Mo/TiO2 11T -0.706 1.04
Ni-Mo/TiO2 IV -0.663 0.52
Ni-Mo/TiO, V -0.671 0.99

Fig. 4 displays the polarization curves of the Ni-Mo and Ni-Mo/TiO2 nanocomposite coatings.
Extrapolated electrochemical parameters are displayed in Table 1. Obviously, the obtained Ni-Mo/TiO>
nanocomposite coatings exhibit much greater Ecorr and lower corrosion current density (icorr) than those
of the Ni-Mo alloy coating, indicating that the obtained Ni-Mo/TiO2 nanocomposite coatings possess
much better performance in general corrosion resistance [34, 35]. In addition, the icorr decreased with an
increasing addition of TiO2 nanoparticles from 10 mg/L to 40 mg/L due to an increase in Mo content in
the coating and the improvement of the morphological surface quality. However, there is a slight increase
in icor When the addition of TiO2 nanoparticles continues to increase to 50 mg/L (Ni-Mo/TiO2 V
nanocomposite coating) because of the inhomogeneous surface caused by agglomeration of the TiO>
nanoparticles. This means that the Ni-Mo/TiO2 nanocomposite coating deposited from a bath containing
40 mg/L possesses the optimal corrosion resistance.
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Figure 5. Nyquist plots of the obtained Ni-Mo coating and Ni-Mo-TiO; coatings in the 3.5 wt.% NaCl
solution.
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EIS was employed to investigate the corrosion behaviours at the electrolyte/obtained coating
interface. Moreover, a simple electrical equivalent circuit (EEC, where Rs represents the solution
resistance, Q stands for the constant phase element (CPE) of the electrical double layer (EDL), and Rt
is the charge transfer resistance) was used to fit the EIS plots (Fig. 6), and the results are listed in Table
2 [36, 37]. As shown in the Nyquist plots (Fig. 5), the fitted lines are quite close to the experimental
data, and the chi-square values (Table 2) are very small (<103, in orders of magnitude), confirming the
good fit. Clearly, the values of Rc: of the Ni-Mo/TiO2 nanocomposite coatings are much larger than that of the Ni-
Mo alloy coating. Among all the obtained coatings, the Ni-Mo/Ti0. IV nanocomposite coating Shows the best corrosion
resistance (the largest Rct value). These results are correspond well with the conclusion obtained from
the polarization curve analysis.
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Figure 6. EEC for fitting the EIS experimental data.

Table 2. Equivalent circuit parameters for the impedance spectra of the obtained coatings

Samples Rs Qc Ne Rc >c?
(Qcm? (10°Q'cm2sm (kQ cm?)

Ni-Mo 17.33 2.63 0.74  3.18  8.34x10*
Ni-Mo/TiO21  10.73 4.47 076 3.89  6.72x10*
Ni-Mo/TiO. I  11.25 7.24 0.80 4.13  1.96x10*
Ni-Mo/TiO, I 10.55 7.69 079 458  3.77x10*

Ni-Mo/TiO2 IV 11.39 8.90 081 655  258x10*

Ni-Mo/TiO, V. 10.58 8.12 0.75 5.57 3.93x10*
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4. CONCLUSIONS

In this paper, Ni-Mo/TiO2 nanocomposite coatings were successfully deposited on the surface of
low-carbon steel from a modified ammonia-citrate bath containing different additions of TiO>
nanoparticles. The following conclusions can be drawn from the results discussed above.

(1) The Ni-Mo/TiO2 nanocomposite coatings are composed of a Ni-Mo alloy matrix and a TiO>
phase. Both the content of Mo and TiO: in the composite coating increased with an increasing addition
of TiO2 nanoparticles in the bath.

(2) The Ni-Mo/TiO2 nanocomposite coatings are compact and crack-free. A cauliflower-like
characteristic of the coating become less obvious, and the coating becomes more uniform with an
increased addition of TiO2 nanoparticles as long as the addition is no more than 40 mg/L; Otherwise,
irregular agglomeration is observed in the Ni-Mo/TiO2 V nanocomposite coating, which is from the bath
with 50 mg/L TiO2 nanoparticles.

(3) The obtained Ni-Mo/TiO2 nanocomposite coatings exhibit much greater Ecorr, lower icorr and
larger Rct values than those of the Ni-Mo alloy coating. Among all coatings, the Ni-Mo/TiO, IV
nanocomposite coating shows the best corrosion resistance.
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