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Abstract: This investigation proposes the use of sol-enhanced electrodeposition to create a range of
Co−Ni−TiO2 films. The addition of TiO2 sol controls the nucleation process and the properties of
the composite films by generating TiO2 nanoparticles in situ in the electrodeposition process. The
transmission electron microscopy (TEM) and zeta potential analyses revealed a relatively homogenous
distribution with particle size in the range below 100 nm for the TiO2 nanoparticles produced.
Microstructure, phase composition, hardness, friction, and corrosion resistance of Co−Ni−TiO2

films were thoroughly investigated in relation to TiO2 sol concentration. The results show that
the addition of a limited content of TiO2 sol upgraded Co−Ni films by producing a Co−Ni−TiO2

film with a high dispersion of TiO2 nanoparticles. On the other hand, too much TiO2 sol could
cause agglomeration and hinder the metal deposition process, resulting in surface pores and the
deterioration of film performance.

Keywords: Co−Ni; electrodeposition; nanoparticles

1. Introduction

Due to their excellent mechanics, wear, corrosion, and other advantages, Co−Ni
alloys are frequently used in protective coatings in various industries [1–4]. The main
preparation techniques for cobalt-nickel coatings include electrodeposition, physical va-
por deposition, chemical vapor deposition, and plasma spraying [5–8]. Electroplating
technology has been regarded as a simple and efficient technique for preparing Co−Ni
films [9,10]. The performance of a Co−Ni film cannot further satisfy the demands in some
challenging service conditions, and it is of great scientific significance to further strengthen
the Co−Ni film. Current methods for improving the performance of Co−Ni alloys in-
clude heat treatment, the pulse electrodeposition process, and composite electrodeposition
technology [11–13]. Composite electrodeposition technology, one of the industry’s most
widely employed reinforcement methods, can significantly enhance the Co−Ni alloy’s
comprehensive properties [14,15].

Nanoparticles such as SiC [16], ZrO2 [17], TN [18], WC [19], TiO2 [20–22], and
Al2O3 [23] have recently been utilized as the second reinforcing phase for composite
electrodeposition. In traditional composite electrodeposition techniques, nanometer-sized
inert particles are added to the electrolytes to create films. For instance, recent research by
Rasooli et al. explored the influence of Cr2O3 nanoparticles on the Ni−Co−Cr2O3 coatings’
microstructure, mechanical properties, and corrosion-related properties, and found the
incorporation of Cr2O3 nanoparticles could increase the nucleation amount of Co and
improve the coating’s performance [24]. In another report, by examining the SiC-doped
Ni−Co coating, Bakhit et al. stated that embedding SiC nanoparticles improved the Ni−Co
film’s compactness and corrosion resistance [25].

However, nanoparticles with a high specific surface region and surface energy can
easily result in agglomeration in a bath and greatly impair the performance of the re-
sultant composite coating. To overcome this issue, our research group developed TiO2
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sol-enhanced electrodeposition to reach nanoparticles’ excellent dispersion and chemical
stability in electrolytes. The TiO2-incorporated composite coatings show improvements
in mechanical and corrosion performance. When adding the TiO2 sol to the plating bath,
TiO2 nanoparticles could be generated and directly co-deposited on the substrate’s surface
with metal ions, effectively preventing nanoparticle agglomeration. The excellent disper-
sion of nanoparticles gives rise to a uniform, compact surface structure and an excellent
coating performance.

Diverse Co−Ni−TiO2 films with superior performance were electrodeposited using
TiO2 sol at various contents. Microstructure, phase composition, mechanical properties, and
corrosion performance of Co−Ni−TiO2 films have been examined at diverse contents of
TiO2 sols. The Co−Ni film’s mechanical properties and corrosion resistance can be greatly
improved if TiO2 sol is present in a suitable amount, enhancing its utility in industrial use.

2. Experimental
2.1. TiO2 Sol Preparation

All reagents were purchased from Beijing Chemical Ltd. (Beijing, China) and used at
analytical grade without further purification. The method of preparing TiO2 sol comprises
the following three steps: (1) preparation of solution A: adding 5.64 mL of C4H11NO2
(diethanolamine) to 70 mL of C2H5OH (ethanol) with adequate stirring, followed by slowly
dripping 19.74 mL of C16H36O4Ti (tetrabutyl titanate) into the as-prepared solution under
a stirring speed of 300 rpm; (2) preparation of solution B: mix 9 mL of C2H5OH and 0.9 mL
of distilled water; and (3) solution B was added dropwise into solution A, after which the
bath was stirred 500 rpm for 30 min to produce TiO2 sol.

This study mixed 10 mL of TiO2 sol with 100 mL of di-ionized (DI) water under
ultrasonic agitating, with the purpose of producing and determining the in situ created
TiO2 nanoparticles. After the solution was dropped on a copper mesh and dried, the fresh
nanoparticle could be observed.

2.2. Electrodeposition of Co−Ni−TiO2 Films

This experiment produced Co−Ni−TiO2 films in the electrodeposition process and
used the brass sheet as a cathode and the high-purity cobalt board as an anode. To generate
TiO2 nanoparticles in situ, TiO2 sol was slowly added to the Co−Ni electrolyte at magnetic
stirring prior to electrodeposition. It should be noted that the attached organic chains in
the freshly formed nanoparticles further avoid possible agglomerations.

The electrolytes used in the experiment consisted of 70 g/L NiSO4 (nickel sulfate),
50 g/L NiCl (nickel chloride), 60 g/L CoSO4 (cobalt sulfate), 50 g/L H3BO3 (boric acid),
0.015 g/L C12H25SO4Na (sodium dodecyl sulfate), and 0.15 g/L C7H5NO3S (saccharin).
The electrodepositing temperature was 50 ◦C and the stirring rate was 300 rpm. Composite
electrodeposition was performed at the current density of 25 mA/cm2 for 40 min with
various concentrations of TiO2 sol.

2.3. Sample Characterization

This work used a transmitting electron microscope to characterize the newly generated
nanoparticles (HRTEM, FEI Talos F200X G2, Thermo Fisher Scientific, Santa Clara, CA,
USA). The samples’ surface morphology, cross-sectional morphology, and wear track mor-
phology were observed using a Gemini SEM 300 electron microscope with an embedded
EDS detector manufactured by Zeiss Company, Jena, Germany. A 90-plus zeta potential
analyzer (Malvern Zetasizer Nano ZS, Malvern, UK) was employed to investigate the
zeta potential of a composite plating solution in order to determine the dispersibility and
stability of TiO2 nanoparticles. The phase constituents of the Co−Ni−TiO2 films were
analyzed by Cu−Kα radiation (XRD, Bruker, Saarbrucken, Germany).

The Co−Ni−TiO2 film’s hardness was determined by a Vickers microhardness ana-
lyzer using 50 g for 15 s. The wear performance of the Co-Ni-TiO2 films was determined
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using a micro-tribometer (UMT−2, CETR, New York, NY, USA). In the wear tests, steel
balls 4 mm in diameter and a load of 5 N were used under a wear speed of 10 mm/s.

With the aid of an electrochemical workstation (CS2350, Corrtest, Wuhan, China), the
Co−Ni−TiO2 films’ electrochemical performance was evaluated. The platinum plate with
dimensions of 10 mm × 10 mm × 0.3 mm served as the counter electrode, while a saturated
KCl electrode served as the reference electrode. When the open circuit potential had been
stabilized, the samples were tested at room temperature at a scanning speed of 1 mV/s
using 3.5 wt.% NaCl solution.

3. Results and Discussion
3.1. Characterization of TiO2 Sol

Figure 1 presents the TEM images recorded on the generated TiO2 nanoparticles made
by adding sol into DI water. Figure 1a shows that the TiO2 nanoparticles are agglomerated
in the drying process, but some individual nanoparticles can still be identified. The TiO2
nanoparticles agglomerate into various-sized spheres under the TEM observations shown
in Figure 1b. Some TiO2 nanoparticle agglomerates can be found, and the separated TiO2
nanoparticles show a particle diameter of no more than 100 nm.
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Figure 1. TEM images were taken on the generated TiO2 nanoparticles made by adding sol into DI
water. (a) TEM image, (b) Enlarged image for nanoparticles.

To confirm the existence of the produced nanoparticles, the individual TiO2 nanopar-
ticle was observed and analyzed. The particle size that was observed is approximately
80 nm, as illustrated in Figure 2a, with an interplanar space of 0.354 nm. Moreover, the
electron diffraction pattern reveals the presence of anatase-type nanoparticles, as depicted
in Figure 2b,c.

The particle size distribution of TiO2 nanoparticles generated in DI water is further
determined in Figure 3. The recorded size distribution map indicates that the average size of
TiO2 nanoparticles ranges from ~20 to ~100 nm in distilled water. This is consistent with the
findings from the above TEM microscopic morphology observation. We note that the zeta
potential measured a slightly smaller size distribution than the TEM images, which may be
the result of aggregation occurring in the drying process prior to the TEM observation.
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3.2. Structural Characterizations of Co−Ni−TiO2 Films

Figure 4 depicts the microscopic surface morphologies of Co−Ni−TiO2 films produced
by varied TiO2 concentrations. The surface of the Co−Ni−TiO2 films is refined and has
the most significant surface uniformity and coverage at 12.5 mL/L TiO2 sol. However,
Co−Ni−50 mL/L TiO2 film’s grains are coarsened. In general, highly dispersed TiO2
nanoparticles provide more nucleation sites, promoting nucleation processes and refining
surface crystals. However, the excessive TiO2 nanoparticles can result in agglomeration
and coating coarsening under 50 mL/L TiO2 sol.
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Figure 4. Surface morphology of Co−Ni−TiO2 films prepared with different content of TiO2 sol:
(a) 0 mL/L; (b) 5 mL/L; (c) 12.5 mL/L; (d) 50 mL/L.

X-ray diffractograms of Co−Ni−TiO2 films with diverse TiO2 sol content are shown
in Figure 5. The (220) diffraction peak is distinct in the Co−Ni−TiO2 diffractograms.
In addition, the location of the textured peak is a bit different from the standard peak
due to the insertion of Ni atoms into the Co atom’s structure, which is consistent with
some previous papers [4,9,26]. Because there is very little content of TiO2 nanoparticles
incorporated in the Co−Ni film, no TiO2 diffraction peak was observed in the profiles.
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Figure 5. X-ray diffractograms recorded on the prepared Co−Ni−TiO2 films.

Figure 6 shows the cross-sectional morphology of the composite films prepared. The
coated composite film tightly adheres to the substrate with no defects, such as peeling and
holes, indicating a good coating quality for all samples. In addition, no TiO2 agglomeration
regions are identified on the cross-sectional morphologies. However, the film thickness
decreases at 50 mL/L sol addition. When excessive TiO2 sol was added to the electrolyte,
the electrodeposition process could be hindered and more charged current would be
consumed in the side reaction of hydrogen evolution, thereby decreasing the film thickness.
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Figure 6. Cross-section of Co−Ni−TiO2 films prepared with different content of TiO2 sol: (a) 0 mL/L;
(b) 12.5 mL/L; (c) 50 mL/L, and (d) the EDS results of the Co−Ni−12.5 mL/L TiO2 sample.

The elemental composition obtained by EDS detection of the Co−Ni−12.5 mL/L TiO2
sample is depicted in Figure 6d. The Co element, which has an atomic ratio of 83.78%,
and the Ni element, which has an atomic ratio of 15.87%, are the main components in the
prepared film according to the EDS results. There is a limited amount of Ti in the film,
resulting from the incorporated TiO2.

3.3. Mechanical Properties of Co−Ni−TiO2 Films

The microhardness of Co−Ni−TiO2 films at diverse TiO2 sol content has been shown
in Figure 7. The microhardness of the Co−Ni film is ~228 HV. Co−Ni-12.5 mL/L TiO2 film
possesses the highest microhardness of 323 HV, which is 41% higher than the Co−Ni film’s
hardness. However, adding 50 mL/L TiO2 sol reduces the microhardness of the film to
approximately 190 HV. Under an appropriate content of TiO2 incorporation, the highly
dispersed TiO2 nanoparticles are spread in the grain boundary region, which hinders grain
development and enhances fine-grain strengthening. Additionally, the highly dispersed
TiO2 nanoparticles perform the second-phase reinforcing effect that further promotes film
hardness. In contrast, under an extremely high TiO2 sol concentration, the excessive TiO2
nanoparticle clusters cause agglomerations and reduce the films’ mechanical properties.
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Figure 8 illustrates the average friction coefficient of the Co−Ni−TiO2 films. A Co−Ni
film with no TiO2 sol has a coefficient of 0.68, whereas a Co−Ni−12.5 mL/L TiO2 film
shows a friction coefficient of 0.42. In contrast, when the content of TiO2 sol is 50 mL/L,
the coefficient of friction increases to 0.78. The film’s friction resistance will be increased
using the proper TiO2 sol (12.5 mL/L) content of the electrodeposition solution.
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Figure 8. The friction coefficient of Co−Ni−TiO2 films prepared with diverse content of TiO2 sol:
(a) 0 mL/L; (b) 5 mL/L; (c) 12.5 mL/L; (d) 50 mL/L.

Figure 9 illustrates the after-wear sample morphologies of Co−Ni films,
Co−Ni−5 mL/L TiO2, Co−Ni−12.5 mL/L TiO2, and Co−Ni−50 mL/L TiO2 films, re-
spectively. Under the rising concentration of TiO2 sol, the film’s wear track width reduces
first and then rises. A suitable content of TiO2 sol added to the electrolytes decreases the
wear track width of Co−Ni−12.5 mL/L TiO2 to 281 mL, while the wear track width of
Co−Ni−50 mL/L TiO2 increases to about 417 µm under a higher sol concentration. The
same trend is proposed: the wear resistance improves at a proper TiO2 concentration,
whereas it reduces by adding excessive TiO2 sol.
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3.4. Corrosion Resistance of Co−Ni−TiO2 Films

The corrosion performance of the produced Co−Ni−TiO2 films was investigated
by measuring potentiodynamic polarization, as depicted in Figure 10. The greater the
corrosion potential (Ecorr) value of the material and the smaller the corrosion current
density, the better the corrosion resistance of the film material. When the concentration of
the TiO2 sol rises, the corrosion potential of the film gradually increases. Under a 12.5 mL/L
TiO2 sol addition, the corrosion potential is the largest, showing that the film has the most
excellent corrosion resistance. It is evident that the film has a worsened corrosion resistance
when TiO2 sol content reaches 50 mL/L.
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Table 1 below shows the electrochemical parameters by fitting the polarization curves.
The corrosion speed of the Co−Ni film is 0.074 mm/a, and the corrosion speed of the
Co−Ni−12.5 mL/L TiO2 film is only 0.036 mm/a. According to the findings, the corrosion
resistance of the Co−Ni film is improved when the film has 12.5 mL/L TiO2 sol. The
corrosion rate for the Co−Ni−50 mL/L TiO2 film is 0.171 mm/a, indicating that the film’s
corrosion resistance significantly decreases. Adding appropriate content of TiO2 sol can
form a denser film surface with refined crystals, as suggested above, which explains the
enhanced corrosion performance. Nevertheless, an excessive concentration of TiO2 sol will
cause TiO2 nanoparticles to agglomerate in the coating, impairing the coating’s uniformity
and decreasing the corrosion resistance.

Table 1. Potential polarization data of Co−Ni−TiO2 films.

Sample Ecorr (V) Icorr (µA/cm2) Corrosion Rate (mm/a)

Co−Ni −0.88 6.28 0.074
Co−Ni−5 mL/L TiO2 −0.84 3.69 0.054

Co−Ni−12.5 mL/L TiO2 −0.76 3.09 0.036
Co−Ni−50 mL/L TiO2 −0.99 14.6 0.171
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4. Conclusions

This study utilized chemical synthesis to create TiO2 sols with high dispersion and
chemical stability. Mechanical and corrosion-resistant Co−Ni−TiO2 films were prepared
by adding a suitable amount of TiO2 sol (12.5 mL/L) to the electrolytes during electrodepo-
sition. The addition of TiO2 sol controls the nucleation process and the properties of the
composite films by generating TiO2 nanoparticles in situ in the electrodeposition process.
By producing TiO2 nanoparticles in situ in electrolytes with sizes below 100 nm, nanopar-
ticle agglomeration is largely avoided. The mechanical property testing results reveal
that the Co−Ni−12.5 mL/L TiO2 film has the highest hardness of 323 HV, an increase of
41% over the undoped samples. Electrochemical tests demonstrate a 51% reduction in
the corrosion rate for the Co−Ni−12.5 mL/L TiO2 film compared to the undoped Co−Ni
film sample. Increased nucleation sites can result from the appropriate amount of TiO2
sol, enhancing coating quality through fine-grain and dispersion-strengthening effects.
Nevertheless, coarse grains and pores will result from the agglomeration of excessive TiO2
nanoparticles under high TiO2 sol concentration, which will have a detrimental impact on
the film’s performance.
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