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AbstractCarbon nanotubes (CNTs) are the hardest and strongest materials due to their perfect mechanical proper-
ties and excellent chemical, electrical, and thermal characteristics. Therefore, CNTs are attractive candidates for the
development of innovative multifunctional nanocomposites. The goal of the study was to synthesize and characterize
NiMoCNT nanocomposite coatings onto steel substrates by electrodeposition technique to enhance the properties of
the NiMo layer coating. The electrodeposition was carried out galvanostatically, and the percentage of MWCNT (wt%)
in the composites was investigated under various working circumstances, including current density, pH, temperature,
and CNTs concentration in the electroplating bath. Different techniques, such as X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), and energy dispersive X-ray analysis (EDS) ,were used for the composite characterization.
Moreover, the corrosion resistance and the nanocomposites' mechanical characteristics were investigated. The results of
the NiMo alloy show that the enhancement in current density decreases the Mo content from 41.8 wt% (at 3.5×102

Acm2) to 31.06 wt% (at 6.5×102 Acm2). On the other hand, the results proved that as the concentration of CNTs in
the bath increases, the wt% of CNTs co-deposited in the NiMo matrix enhances, peaking at 22.36 wt% at 0.03 gL1.
Furthermore, the findings show that the Mo content of the coating is reduced when CNTs are present. In comparison
to a NiMo coating without CNTs, the composite incorporating CNTs exhibits better corrosion resistance. In addition,
the mechanical properties show that the microhardness of NiMoCNT composite-coated steel is better than that of
NiMo, and the highest microhardness of NiMoCNT composite coated steel was 4.69 GPa, while pure NiMo coated
steel had a microhardness of 2.37 GPa.
Keywords: NiMoCNTs, Nano-composite, Electrodeposition, Impedance, Polarization, Nanoindentation

INTRODUCTION

Owing to their ideal atomic structure and intrinsic tight in-plane
sp2-sp2 covalent bonds between carbon atoms, carbon nanotubes
(CNTs) are the toughest and strongest materials. CNTs also have
outstanding mechanical, chemical, electrical, and thermal proper-
ties [1]. Because of their chemical stability, CNTs can be utilized to
fabricate composites with promising corrosion resistance and high
hardness [2-4]. MWCNTs, especially with Mo alloys, have a wide
range of other uses, including the production of transistors, voltage
inverters, sensors, field emission sources, and energy storage devices
[5,6]. One of the most effective stable electrocatalysts for the oxy-
gen evolution reaction (OER) and hydrogen evolution reaction
(HER) is Mo0.29Co0.71P2/MWCNTs [7]. On the other hand, a com-
posite of MoSe2/MWCNTs has been developed for supercapacitor
applications [8].

A number of factors can affect the effectiveness of codeposition
and the quality of the composites it produces, including particle
size and bath concentration [9]. Several efforts have been made to

develop composites with different matrices of nanotubes and nano-
fibers [10]. Different preparation techniques were investigated for
producing composite materials, such as plasma spray [11], sol-gel
[12], electroless [13,14], and electrodeposition. Electrodeposition is
among these techniques one of the most cost-effective methods for
achieving composite metal matrix coatings [15]. The electrochemi-
cal co-deposition approach has been used to generate metallic coat-
ings using both single-walled carbon nanotubes (SWCNT) and
multi-walled carbon nanotubes (MWCNT). To improve the mech-
anical and corrosion properties of composite coatings, ceramic parti-
cles such as SiC, TiO2, CeO2, ZnO, and Al2O3 are commonly used
[16-18]. Recently, Sm2O3 was introduced into the matrix of ZnNi
alloy to improve its corrosion as well as its microhardness proper-
ties [19]. The metal matrix is made up of pure metals like Ni, Cu,
and Cr, as well as alloys like ZnNi [20], NiCu [21], NiW [22].

Molybdenum increases the properties of metal coatings as an
alloy component by enhancing hardness, abrasion resistance, and
corrosion resistance. Just a few papers on the use of a molybdenum-
containing alloy matrix can be found in the literature. The H2 dis-
charge reaction on a Ni-based composite coating incorporating Mo
powder was explored by Kubisztal [23]. Chen studied the H2 evo-
lution catalysts based on NiMoN nanosheets [24]. Therefore, the
work aimed to synthesize NiMoCNTs composite via an electrode-
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position technique and investigate its characterization. The nano-
composite was subjected to tests for thickness, microhardness, and
corrosion resistance. In addition, the electrochemical behavior and
kinetics of MWCNT incorporation into the NiMo coating were
investigated.

MATERIAL AND METHODS

All the plating and chemical reagents were made from nickel
sulfate hexahydrate (Bio tech), glycine, sodium molybdate, sodium
dodecyl sulphate (ADWIC), and graphene supermarket (Multi-
walled carbon nanotube powder). The pH of each bath was detected
utilizing a pH meter (Adwa AD1000). The pH meter was tested
using buffer solutions with precise pH values. By adding a 1 :3 H2SO4

solution to the electrolyte, the pH was regulated. The chemical com-
position of the baths used for NiMoCNT composite electrodeposi-
tion and the conditions are mentioned in Table 1.

All the electrodes used in the electrodeposition (cathode and
anode) were in the form of sheets: the cathode is a steel sheet with
a dimension of 30×30×1 mm and the anode is a Pt sheet with a
dimension of 30×30×0.3mm. The steel cathodes were mechanically
polished with emery papers ranging in grade from 230 to 1,000,
and then rinsed with distilled water. After that, they were dried
with tissue or paper towel, then put in the desiccators to dry com-
pletely, and finally weighed and dipped in the plating cell. A mag-
netic agitator at 600 rpm was used to agitate the CNTs composite
coating solution for approximately 8 hours before electroplating. It
was then ultrasounded for approximately 30minutes. The tempera-
ture was held at 25 oC during agitation. A regulated DC power sup-
ply was used to perform the electrochemical deposition.

For the electrochemical measurement, the reference electrode
was Ag/AgCl, the counter electrode was a platinum sheet, and the
working electrode was a Pt disc electrode (PtDE). It was cleaned
with Al2O3 powder until a mirror surface was achieved before each
experiment, then washed multiple times with distilled water. The
i/E curves were measured potentiodymically. Before every experi-
ment, the electrolytic cell was cleansed and filled to a specific level
with the test plating solution to ensure that the electrodes were
completely submerged. Then the cleaned electrodes were placed in
their respective positions. In potentiatodynamics measurements,
the cathodic potential changed automatically from its static poten-
tial Es with respect to the reference electrode towards more nega-
tive potential values with a sweep rate of 5mVs1, and the associated
flowing current was traced as a function of potential.

Anodic linear stripping voltammetry (ALSV) was done as de-
scribed earlier [25]. The current-time transient was recorded at a
given cathodic deposition for a certain deposition time (at a con-

stant MWCNT content in the plating solution), and other series
were carried out at different MWCN concentrations in the plating
solution at constant deposition potential (0.85 V).

The XRD patterns of the NiMoCNTs nanocomposite were inves-
tigated using an X’Pert Pro powder diffractometer within a diffrac-
tion angle range of 4-80, operating with CuK radiation (40 mA
and 45kV). A scanning electron microscope (SEM-JEOL-5410) with
an energy dispersive X-ray analyzer was used to investigate the com-
ponents of the electrodeposited layers (EDX). The produced sam-
ples were examined using a Thermo Scientific K-alpha XPS machine
(Waltham, MA, USA). To acquire chemical state information, the
sample was irradiated with a monochromatic Al K X-ray source,
and the analyzer passed an energy of 200 eV with a step size of 1 eV
for high-resolution spectra.

With a Berkovich indenter, nanoindentation (Micro Materials,
UK) was utilized to investigate the mechanical characteristics of the
coating under depth versus load hysteresis testing circumstances.
The loading rate is 2.5 mN/s, unloading rate is 2.5 mN/s, limit stop
load (0.1 mN), initial load (0.05 mN), loading time (20 s), unload-
ing time (40 s), dwell period at maximum load (10 s), and retrac-
tion distance were all measured with a minimum load of 10 mN
and a maximum load of 10 mN to minimize the substrate effects.

RESULTS AND DISCUSSION

Preliminary experiments for the electrodeposition of NiMo alloy
onto steel substrate were carried out to achieve a suitable bath com-
position as well as suitable operating conditions to produce satis-
factory deposition coatings. Therefore, it was found that the chemical
composition as shown in Table 1 is the suitable bath composition
for the deposition at pH 3.5.
1. Electrodeposition Process

The influence of current density on the coating thickness of
NiMo and NiMoCNTs deposited coatings is shown in Fig. 1(A).
The coating thickness increased as the current density (c.d.) in-
creased due to improvements in cathodic current efficiency. The
maximum c.d. is attained when the rate of Ni and Mo ions transit-
ing from the bulk to the cathode surface is combined with the de-
position rate. Furthermore, low c.d. (3.50×102 Acm2) results in very
little deposition, whereas high c.d. (>5.5×102 Acm2) results in a
rapid increase in hydrogen evolution, which inhibits deposit adhe-
sion. Moreover, Fig. 1(A) shows the variation in the current den-
sity and the composite coating thickness at different CNTs concen-
trations. It is clear that at any c.d. up to 5.5×102Acm2, when the
concentration of CNTs increases, the coating thickness decreases
compared with that formed without CNTs. While at a higher cur-
rent density than 5.5×102 Acm2, this concept is not valid. It may

Table 1. The chemical composition and experimental parameters of NiMoCNTs bath
Constituents of NiMoCNTs bath (g/L) Experimental parameters

Nickel sulphate hexahydrate (NiSO4·6H2O)
Sodium molybdate (Na2MoO4·2H2O)
Glycine (C2H5NO2)
Sodium dodecyl sulphate surfactant (NaC12H25SO4)
MWCNT (0-0.03)

31
8

100
0.001

(0-0.03)

pH
Temperature
Current density (c.d.)
Acm2

Deposition time, min

3.5
25 oC
×102

3.5-6.5
30
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be due to the partial peel off and, consequently, low adhesion of
the formed layer is expected.
2. Characterization of the Nano-composite
2-1. EDX and XRD Analysis

The presence of various elements in the coatings was determined
using EDX analysis. The composition of NiMo coatings at various

Fig. 1. (A) The relation between the current density and the coat-
ing thickness of NiMo alloy in the absence and presence of
different MWCNT content deposited at room temperature,
and (B) XRD patterns of NiMo (a) and NiMo-22.36wt%CNTs
(b) film deposited layer at the optimum condition (5.5×102

Acm2, at 25 oC, duration time 30 min and 0.02 gL1 CNTs in
the electrolyte).

Table 2. The composition of the NiMo and NiMoCNTs composite coatings at different current densities and MWCNTs contents
Sample Current density, *102 Acm2

NiMo 3.5 4.5 5.5 6.5

Wt%
Ni Mo Ni Mo Ni Mo Ni Mo

58.2 41.8 59.3 40.7 68.6 31.9 68.9 31.1
Content of MWCNTs, g/L

NiMoCNTs 0.01 0.02 0.03

Wt%
Ni Mo Fe C Ni Mo Fe C Ni Mo Fe C

45.34 30.36 7.65 16.65 48.19 24.57 8.91 18.33 45.88 23.66 8. 10 22.36

current densities is shown in Table 2. The impact of CNT content
in the bath on CNTs wt% in the NiMo alloy deposited at the opti-
mum current density of 5.5×102 Acm2 was also investigated. The
data in Table 2 shows that the c.d. has a significant impact on the
composition of the coatings. The c.d. had a significant impact on
the coating’s Mo content. It should be noticed that increasing c.d.
from 3.5×102 to 6.5×102 Acm2 resulted in a reduction in Mo
content from 41.8 wt% (at 3.5×102 Acm2) to 31.06 wt% (at 6.5×
102 Acm2). Thus, the peculiar behavior of Mo content fluctua-
tion with c.d. could be related to metal ion complexation, which
has a major impact on the parent metals’ static potentials. Thus, due
to a poor rate of mass transport of electroactive species (Mo+2 ions)
from a pH-dependent molybdate-glycine complex, the bath has a
very low partial current density for Mo deposition (relative to its
estimated limiting current density). As a result, the drop in Mo con-
tent with c.d. is due to a change in current density (due to H2 evo-
lution), which causes the equilibrium of its glycine complex to shift,
rather than a change in its limiting current density, which is con-
sistent with Liu et al. [26].

Molybdenum cannot be electrodeposited in its metallic state
from an aqueous solution, but it can be co-deposited with Fe-group
elements to form an alloy. The above phenomenon is known as
induced co-deposition. Individual metal behavior in induced co-
deposition is erratic and difficult to predict, reflecting the intricate
alloy production mechanism. The reduction of Ni(II) and Mo(VI)
complex ions, as well as H2 evolution, occurs simultaneously during
the process. Low valence state oxides of molybdenum may form
in the generated films in addition to the induced co-deposition of
metallic molybdenum. On the other hand, the findings illustrate
that as the concentration of CNTs in the electrolyte increases, the
weight percent of CNTs co-deposited into the NiMo matrix in-
creases as well, peaking at 22.36 wt% at 0.03 gL1. Moreover, the
data in Table 2 shows that CNTs content has a decreasing impact
on the Mo content of the coating.

Fig. 1(B) shows XRD patterns of NiMo (a) and NiMoCNTs (b)
coatings. It is clear that in the NiMo alloy pattern (a), diffraction
peaks for the NiMo lattice plane are located at 2~44o, 52o, 65o, and
75o, which relates to the following planes: (111), (200), (311), and
(220), respectively, seem to be slightly shifted, and the intensity
decreases. While in the NiMoCNTs coating, all the peaks in the
chart disappear except the lattice plane (111), as explored in Fig.
1((B)-(b)). The peak intensity at 44o was clearly the most common,
indicating that the electrodeposited NiMo and NiMoCNTs coat-
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ings were made up of a one-phase NiMo solid solution with a fcc
structure. It thus means that the reflection of the (111) plane indi-
cates that the (111) growth direction becomes the preferred crys-
tallographic direction during the CNTs incorporation. The result
is in accord with Beltowaka-Lehman et al. [27], and Donten et al.
[28].
2-2. XPS Analysis

The elemental chemical states in the NiMo and NiMoCNTs thin
coatings were also determined using XPS analysis. XPS of the NiMo
deposited coating operated at optimum condition (5.5×102 Acm2,
at 25 oC, and duration time of 30 min) as well as NiMo-22.36 wt%
CNT’s deposited coating at the same optimum condition and 0.03
gL1 CNT’s content are shown in Fig. 2. C, O, Ni, and Mo peaks
were discovered in the survey spectrum (Fig. 2(a)). The geometry
of the Ni metal spectrum is complicated. The binding energies of
Ni 2p are seen in high-resolution Ni XPS spectra (Fig. 2(b)) (856.49
eV); complex, multiplet-split peaks can also be found in Ni com-
pounds (Scan A=862.75, Scan C=858.77, scan D=852.91, scan
E=867.51, scan F=860.33, and scan G=874.17) for NiMo and
NiMoCNTs. The high-resolution of Ni XPS spectra (Fig. 2(b))
show the binding energies of Ni 2p3/2 (+2=852.91, +3=858.77)
and Ni 2p1/2 (+2=867.51, +3=874.17) for NiMo and NiMoCNTs

coatings. Generally, Ni 2p3/2 and Ni 2p1/2 are responsible for the
two peaks at 853.5 and 873.0 eV, respectively, whereas the satellite
peaks are responsible for the other peaks [29]. The binding energy
of Mo 3d can be seen in high-resolution Mo XPS spectra (Fig.
2(c)) (232.77 eV), Scan A=235.87 eV, Mo 3d Scan B=231.33 eV,
and Mo 3d Scan C=234.36 eV. The high resolution Mo XPS spec-
tra show the binding energy of Mo 3d3/2 (+6=235.87, +2=231.3)
and Mo 3d5/2 (+6=234.36, +2=232.77) for NiMo and NiMoCNTs.
The peak at 285.77 eV, which relates to the carbon in CNTs, is vis-
ible in a high-resolution spectra of C 1s (Fig. 2). Three peaks were
found at about 284.25, 285.10, and 287.24 eV in Fig. 2(d) (analysis
of C peaks), which were assigned to C-C, C-O, and C=O, subse-
quently.
3. Potentiodynamic Cathodic Polarization Curves
3-1. Effect of MWCNT Concentration

Potentiodynamic cathodic polarization (i/E) curves are highly
crucial since they involve the characteristics of the entire deposi-
tion process. As a result, the i/E curves during NiMo electrodepo-
sition were recorded at pH 3.5 and at 25 oC with and without varied
amounts of MWCNT (Fig. 3(A)). The curves were swept in the
negative direction at a scan rate of 5 mVs1. The pure nickel depo-
sition curve is characterized by a quick potential shift to greater

Fig. 2. (a) XPS of the NiMo and NiMo 22.36 wt% CNT’s deposited layer at optimum conditions (5.5×102 Acm2, at room temperature,
duration time 30 min, and 0.03 gl1 CNTs), (b) Ni 2p spectra, (c) Mo3d5 spectra and (d) C1s spectra.
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negative values at first, followed by a continuous increase as cur-
rent density increases. It thus shows that in the absence of Mo(VI)
ions, nickel deposition is accompanied by a significant activation
polarization [30]. However, when Mo(VI) is present in the electro-
lytic solution, the curve shifts to more noble potentials and is char-
acterized by the presence of a limiting current plateau (ilim), which
is accentuated as the amount of MWCNTs in the bath increases.
The above shift in the potential demonstrates that the presence of
Mo(VI) facilitates the reduction of Ni2+ ions, and consequently in-
creases the rate of their reduction. The relationship between ilim
(calculated from Fig. 3(A), at 0.6 VAg/AgCl) and MWCNTs content
in the bath is shown in Fig. 3(B). Under limiting conditions, the
NiMo and the NiMoCNTs composite deposition proceeds via
mass transfer control. Furthermore, during the deposition process,
there was a simultaneous discharge of hydrogen ions. These find-
ings further suggest that the presence of MWCNTs triggers the

reduction of reducible ions, as evidenced by the significantly reduced
current values observed. So, MWCNTs have a catalytic influence on
Mo(VI) and Ni(II) reduction at the steel surface. A similar catalytic
effect was observed for the reduction of Ni2+ and Zn2+ ions in the
presence of Sm2O3 during the electrodeposition of ZnNi alloy [20].
3-2. The Influence of the Operating Temperature

The influence of temperature (25-60 oC) on the i/E curves is illus-

Fig. 3. (A) Potentiodynamic cathodic polarization curves during
NiMoCNT composite deposition containing different con-
centrations of CNT, scan rate=5 mVs1 and 300 rpm, where
(a) pure Ni, (b) NiMo alloy, (c), (d), (e)-(f) are NiMo with
0.005, 0.01, 0.02, 0.03 gL1 MWCNT, respectively and (B) The
relationship between ilim and MWCNTs.

Fig. 4. (a) The potentiodynamic cathodic polarization curves during
composite deposition from the bath containing 0.02gL1 CNTs
operated at a scan rate of 5mVs1, 300rpm and different tem-
peratures, (b) at different pH values, and (c) at different stir-
ring rate (rpm).
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trated in Fig. 4(a) during the deposition of NiMoCNTs from the
electrolyte containing a fixed concentration of MWCNT (0.02 g/
L). Increasing the bath temperature causes a rise in ilim as well as a
notable move in the i/E curves towards more positive potentials
due to its diminishing influence on the activation overvoltage for
Mo(VI) and Ni(II) ions. Fig. 4(a) inset shows the relationship be-
tween ilim and temperature. Additionally, increasing the bath tem-
perature increases the diffusion coefficients of reducible species in
the diffusion layer, which improves their concentration.
3-3. Effect of pH Values

The influence of pH value on the i/E curves during the deposi-
tion of NiMo (MWCNT 0.02 g/L) and at room temperature (25 oC)
is displayed in Fig. 4(b). The polarization curves of the composite
codeposition are found to be pH-dependent, with the curves shift-
ing to greater negative potential values when the pH of the bath is
increased. Furthermore, as shown in the inset of Fig. 4(b), as pH
values increase, the ilim decreases. The decrease in hydrogen over-
potential is clearly responsible for the shift in polarization.
3-4. The Impact of the Stirring Rate

Fig. 4(c) shows the impact of stirring rate on the i/E curves during
the deposition of NiMo from a bath containing a constant con-
centration of MWCNT (0.02 g/L), operated at 25 oC, and pH 3.5.

Table 3. The electrochemical parameters deduced from the polarization curve at a variable concentration of MWCNT (pH 3.5, 25 oC, and
300 rpm)
Content of CNTs,

g/L
Exchange current density,

io (A/cm2)
Tafel slope c

(mV/decade)
Transfer coefficient

()
Ni 0.0012420 0.4391 0.02924
NiMo alloy 0.0016070 0.4879 0.02631
NiMo-0.005 CNT 0.0024280 0.5190 0.02474
NiMo-0.01 CNT 0.0028314 0.5565 0.02307
NiMo-0.02CNT 0.0065610 0.7000 0.02307
NiMo-0.03 CNT 0.0089450 0.8650 0.01484

Table 4. The electrochemical parameters deduced from the polarization curve at different temperatures (MWCNT 0.02 g/L, pH 3.5, and stir-
ring rate 300 rpm)

Temp,
oC

Exchange current density,
io (A/cm2)

Tafel slope c

(mV/decade)
Transfer coefficient

()
25 0.006561 0.700 0.02307
30 0.012823 0.785 0.01635
40 0.016406 0.845 0.01519
50 0.028314 0.914 0.01405
60 0.031696 0.956 0.01343

Table 5. The electrochemical parameters deduced from the polarization curve at variable stirring (MWCNT 0.02 g/L)
Stirring
(rpm)

Exchange current density,
io (A/cm2)

Tafel slope c

(mV/decade)
Transfer coefficient

()
100 0.006592 0.7970 0.01611
200 0.007586 0.8060 0.01593
300 0.008035 0.9408 0.01365
400 0.010765 1.0640 0.01207
500 0.011535 1.1165 0.01150

The i/E curves shifted significantly to the more noble potential val-
ues as the stirring rate was increased, indicating an acceleration of
Ni(II) and Mo(VI) ion deposition. It indicates that agitation accel-
erates the rate of NiMoCNTs deposition.
4. The Electrode Kinetics and the Tafel Lines

Tafel lines are created from the matching i/E curves (Fig. 3(B)
and Fig. 4(a)-(c)) by graphing the logarithm of the current vs. the
cathodic polarization according to the Tafel Eq. (1) to highlight the
effect of MWCNTs and other parameters on the electrode kinetics.

(1)

(2)

where R is the gas constant, T is the temperature, F is the Faraday’s
constant, and α is the transfer coefficient.

Table 3 displays that in the presence of MWCNT, the cathodic
Tafel slopes (c) and the exchange current density (i0) increase,
whereas the transfer coefficient () decreases. Practically, when
additives or complexing agents are present in the solution, Tafel
slopes are observed to be high [31]. The increase in io as MWCNTs
are added shows that they have catalytic activity on the rate of com-

   a ±   ilog

   
2.303RT
nF

--------------------



1192 M. H. Gomaa et al.

May, 2023

posite deposition. The conclusion is consistent with the polariza-
tion curve results previously mentioned (see Fig. 3(A)). Moreover,
the same behavior has been illustrated by increasing the tempera-
ture and stirring rate (Tables 4 and 5). The impact of pH was stud-
ied, and the results are demonstrated in Table 6. The data affirms
that increasing the pH values decreases both the io and the c,
whereas increasing the pH values increases the . All of that is sup-
ported further by polarization curves obtained at various pH levels,
which show that as the pH rises, the polarization shifts to greater
negative potential values, indicating a slower rate of composite de-
position (see Fig. 4(b)). On other hand, enhancing the pH value
increases the  considerably (Table 6). It also indicates that the
increase in temperature and the stirring rate catalyze the electrode-
position process, while the increase in pH inhibits it.
5. Anodic Linear Stripping Voltammetry (ALSV)

The codeposition of the NiMoCNT composite on a PtDE at a
constant deposition potential of 0.85 V Ag/AgCl for 100 seconds
resulted in a series of ALSV measurements. Without withdrawing
the electrode from the electrolyte (i.e., in situ) or altering the exist-
ing circumstances, the potential was scanned straight ahead in the
noble direction with a scan rate of 5 mVs1, and an anodic strip-
ping voltammogram was acquired immediately after composite plat-
ing. Figs. 5(A)-(C) provide some representative data. The influence
of applying various concentrations of MWCNT on ALSV responses
is depicted in Fig. 5(A). The ALSV has one anodic peak, corre-
sponding to the dissolution of the deposited NiMo alloy. Despite
their vastly different standard potentials, the Mo and Ni in the
alloy dissolve together. In addition, increasing the MWCNT con-
centration in the bath enhances the area and height under the strip-
ping peak, demonstrating that MWCNT has catalytic activity for
NiMo alloy deposition. It is in accord with previous polarization
curve results (see Fig. 3(A)). The role played by the pH on the
ALSV is depicted in Fig. 5(B). The data demonstrates that as the
pH of the bath rises, so does the quantity of electricity needed to
form NiMoCNT nanocomposite, demonstrating that increasing
the bath pH has a significant impact on NiMoCNT composite de-
position. Additionally, Fig. 5(C) shows the effect of bath tempera-
ture (25-60 oC) on ALSV. As the bath temperature rises, the area
and height beneath the stripping peak increase, indicating that a
higher bath temperature supports catalytic activity for the deposi-
tion of NiMoCNT composite. The result is consistent with the ear-
lier findings in Fig. 4(a).
6. Chronamperometric Analysis

To learn more about the first nucleation and growth kinetic pro-
cesses of NiMoCNT composite formation, researchers used chrono-

Table 6. The electrochemical parameters deduced from the polarization curve at variable pH (MWCNT 0.02 g/L)

pH Exchange current density,
io (A/cm2)

Tafel slope c

(mV/decade)
Transfer coefficient

()
2.0 0.012023 0.824 0.01558
3.0 0.011220 0.789 0.01627
3.5 0.006561 0.700 0.02307
4.5 0.006053 0.659 0.01948
5.5 0.005445 0.569 0.02256

Fig. 5. (A) Anodic linear stripping voltammetric curve during NiMo
alloy deposition in absence and presence different concentra-
tion of MWCNT, where (a) Ni only, (b) NiMo alloy, (c), (d) and
(d) are 0.01, 0.02, 0.03 gL1 MWCNT, respectively at 300 rpm,
(B) at different pH values, and (C) at different temperature.
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amperometry (current-time transient). Fig. 6(A) illustrates the typical
potentiostatic i-t transient for NiMoCNT composites measured at
a PtDE at different deposition potentials. The ascending compo-
nent of the curve shows an increase in current as the electroactive
region grows, either as individual nuclei grow (instantaneous growth)
or as the number of nuclei grows (progressive growth). When the
exposed surface gets totally saturated, the current transients settle
out. The values of the observed instantaneous current dramatically
increase as the cathodic potential becomes increasingly negative.
The good linearity of the current with time in the first few seconds
as the potential is becoming more negative indicate that under the
experimental conditions, the NiMoCNTs deposit is caused by a
mechanism in which instantaneous nucleation is followed by three-

Fig. 6. Potentiation current-time transient during composite depo-
sition, (A) at different deposition potentials (CNT=0.020gL1)
and (B) at different CNT concentrations (E=0.85 V), where
(a) Zero CNTs, (b) 0.01, (c) 0.02, and (d) 0.03 gL1 CNTs.

Fig. 7. The open circuit potential vs. time of NiMo alloy coating and
NiMoCNTs coatings in 3.5% NaCl solution, where, (a) pure
Ni, (b) Ni-Mo, (c) Ni-Mo-16.65 wt% CNTs, (d) Ni-Mo-18.33
wt% CNTs, and (e) Ni-Mo-22.36 wt% CNTs.

Table 7. Electrochemical parameters Rs and Rct deduced from the Nyquist plot

Sample Solution resistance
Rs ()

Charge transfer resistance
Rct ()

NiMo 5.00 553.8
NiMo-16.65 wt% CNT 6.05 606.35
NiMo-18.33 wt% CNT 6.60 910.4
NiMo-22.36 wt% CNT 7.50 1,369.6

dimensional growth under charge transfer control [32]. At a depo-
sition potential of 0.85 V, Fig. 6(B) depicts typical potentiostatic
i-t transients observed during Ni(II) and Mo(VI) reduction in the
absence and presence of CNTs. According to the data, the tran-
sient is characterized by a rapid increase in current as the electro-
active area develops, before reaching a maximum and then pro-
gressively decreasing. Metal nucleation and phase growth on a Pt
electrode produce such transients, and nucleation growth is not
regarded to be a diffusion-controlled process.
7. Corrosion Behavior

The open circuit potential, electrochemical impedance spectros-
copy (EIS), and anodic polarization techniques were utilized to inves-
tigate the corrosion behavior of a NiMoCNTs nanocomposite formed
on a steel substrate in a 3.5% NaCl.
7-1. Open Circuit Potential

Fig. 7 shows the variation of free corrosion potential of NiMo
and NiMo containing different contents of MWCNTs in 3.5% NaCl
solution in open circuit conditions. The data illustrate that the com-
posite that contained high MWCNT content (NiMo-22.36%wt
CNTs) had nobler potentials than that containing lower MWCNT
content. The high value of the potential for all of these samples at
the beginning of immersion can be explained by the time neces-
sary for the NaCl solution to reach the electrode surface by diffu-
sion. The above result confirms that the composite containing high
MWCNT content has higher corrosion resistance than composite
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containing lower MWCNT content.
7-2. Electrochemical Impedance Spectroscopy

Fig. 8(A) depicts the corrosion behavior of NiMo and NiMoCNT
composite deposits in 3.5 wt% NaCl solutions at their respective
open circuit potentials using the electrochemical impedance ap-
proach, and Table 7 summarizes the derived electrochemical param-

Fig. 8. Electrochemical techniques to investigate the corrosion behav-
ior of NiMo alloy coating and NiMoCNTs coatings, (a) Ni-Mo,
(b) Ni-Mo-16.65 wt% CNTs, (c) Ni-Mo-18.33 wt% CNTs, and
(d) Ni-Mo-22.36wt% CNTs in 3.5% NaCl solution, (A) Nyquist
plot and (B) The potentiodynamic polarization curve.

Table 8. Electrochemical parameters obtained after anodic potentiodynamic polarization of composite deposits in 3.5% NaCl solution
The parameters NiMo alloy NiMo-16.65 wt% CNTs NiMo-18.33 wt% CNTs NiMo-22.36 wt% CNTs
Ba (V/decade) 1.308 1.55 1.7 1.763
Bc (mV/decade) 346.6 293.7 305 288.8
Ecorr (mV) 920.8 908.8 914.4 909.9
Icorr (A) 4.834 4.781 4.601 4.547
Corr rate (mpy) 2.472 2.445 2.353 2.326
ChiSq 10.99 4.138 6.194 4.842

Fig. 9. Nanoindentation load-displacement curves (P-h curve) of
the investigated samples.

eters. All of the curves appear to be the same, with a single semi-
circle indicating the charge-controlled reaction in the high-frequency
zone. Furthermore, the presence of a single semi-circle in the Nyquist
plots indicates that deposit solution interfaces exhibit charge trans-
fer behavior and that the corrosion process of these coatings is char-
acterized by a single time constant (т=RctCdl), implying the presence
of a double layer at the deposit/electrolyte interface. The high charge
transfer resistance (Rct) values for the currently examined NiMoCNT
composite coating compared to the NiMo coating imply that the
composite deposits have a stronger corrosion protecting capacity.
7-3. Anodic Potentiodynamic Polarization

In a 3.5 percent NaCl solution, the corrosion behavior of the
composites with varying CNTs concentration was investigated using
an anodic potentiodynamic polarization measurement, as shown
in Fig. 8(B). The curves were obtained by scanning the potential at
a rate of 5 mV/s towards less negative potentials. As can be seen,
all of the samples examined demonstrate active-passive behavior.
Table 8 shows the Icorr (corrosion current density) and Ecorr (corro-
sion potential) values obtained by fitting the anodic and cathodic
Tafel regions of the potentiodynamic polarization curve with linear
Tafel fitting. In the case of samples prepared with a high MWCNT
content, the corrosion current Icorr declines and the Ecorr shifts to a
more positive potential value. The above finding suggests that the
composite with a high concentration of MWCNT has a slightly
higher corrosion resistance than the composite covered without
MWCNT, leading to a decline in the composite’s corrosion rate.
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8. Mechanical Properties by Nanoindentation
Nanoindentation was used to compare the mechanical proper-

ties of NiMo coated steel with NiMoCNTs nanocomposite-coated
steel generated under ideal circumstances (25 oC, pH 3.5, current
density 5.5×102 Acm2, and 0.03 gL1 CNTs). Fig. 9 displays load-
displacement curves (P-h curve). The data in Fig. 9 shows that the
maximum depth of the indentor for NiMo coated steel is 457.21
nm, while the maximum depth of the indenter for NiMoCNTs com-
posite coated steels with 0.01, 0.02, and 0.03 gL1 CNTs is 401.94,
346.53, and 330.30 nm, respectively, indicating that the hardness of
NiMoCNTs composite-coated steel is higher than that of NiMo.
The highest hardness of NiMoCNTs composite coated steel was
4.69 GPa, while NiMo coated steel had a hardness of 2.37 GPa.
Because the thickness of the coating films should be more than the
maximum indentation depth to restrict the effect of the substrate
on the mechanical characteristics of thin films, the range of inden-
tation depths (457.21-330.30 nm) was kept.

Table 9 shows the nanoindentation parameters: hardness (H),
reduced modulus (Er), elastic recovery, resistance to plastic inden-
tation (H*

3/E2), and elastic limit of strain (H/Er). The ratio between
hardness and reduced modulus (H/Er), which refers to the elastic
limit of strain and the elastic modulus, was calculated using the equa-
tion E/(1 2), where E, Young’s modulus, and  Poisson’s ratio were
used. The results showed an improvement in resistance to plastic
indentation (H*

3/E2) ratio, which was in contrast to the behavior of
the elastic modulus, and the improvement in (H*

3/E2) ratio returned
to an increase in hardness. The data suggests that the inclusion of
CNTs into the NiMo matrix has a strong effect compared with the
pure NiMo. The strengthening of CNTs in the NiMo matrix may
be responsible for the increased hardness of NiMoCNTs coatings,
and the enhancement is congruent with the Hall-Petch connec-
tion [18]. The nanoindentation curves in NiMoCNTs steel coated
show that these coatings have higher penetration resistance than
pure NiMo coatings with lower hm values (the maximum depth an
indenter can penetrate in the coating). Furthermore, the NiMoCNTs
coatings have a lower hf (residual hardness impression depth with
unloading state in the coating). As shown in Table 9, the relationship
between hf/hmax and the elasticity index We (elasticity work)/Wt (total
work of indentation) explains elasticity behavior through hardness
contact, and the results show plasticity behavior for NiMoCNTs
nanocomposite coated steel when compared to pure NiMo coated

steel (We/Wt~0.4).

CONCLUSIONS

The NiMo coatings and CNT-based nanocomposites were suc-
cessfully electrodeposited galvanostatically onto steel surfaces. The
thickness of the nanocomposite obtained was found to be in the
range of 7-11m depending on the applied current density and
CNTs content. The results proved that the MWCNTs have a syn-
ergetic impact in promoting the properties of Ni-Mo thin films. It
is clear that as the concentration of CNTs in the electrolyte in-
creases, the weight percent of CNTs co-deposited in the NiMo matrix
also increases, peaking at 22.36 wt% at 0.03 gL1. Furthermore, the
findings indicate that the Mo content of the coating is reduced when
CNTs are present. In comparison to a NiMo coating without CNTs,
the composite incorporating CNTs exhibits better corrosion resis-
tance. The incorporation of CNTs into the NiMo matrix explores
a catalytic impact on Mo(VI) and Ni(II) reduction at the steel sur-
face. The Tafel kinetics parameters show that the increase in tem-
perature and the stirring rate catalyze the electrodeposition process,
while the increase in pH inhibits it. The microhardness of NiMoCNT
composite-coated steel is better than that of NiMo, and the high-
est microhardness of the prepared nanocomposite was 4.69 GPa,
while pure NiMo coated steel had a value of 2.37 GPa.
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