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In this article, electroplated Ni-Mo alloys with high Mo content from gluconate baths are presented. 

Specifically, the influence of current density on the electrodeposition process, which produced crack-free 

Ni-Mo alloys with high Mo content, was evaluated. Commonly, Ni-Mo electrodeposition is performed in 

citrate solutions, as citrate ions promote coordination compounds with greater stability compared to mono 

and bivalent ligands. However, due to the high internal stress caused by Mo in the coating when its content 

is very high, microcracks are formed along the surface, causing defects in the deposit. Gluconate baths have 

been proven to produce crack-free alloys, even when current density is high. The deposits were evaluated 

for chemical composition by Energy-Dispersive X-ray Specrometry (EDS) and surface morphology by 

electron microscopy using a Scanning Electron Microscope (SEM). Furthermore, the deposition process 

was evaluated for current efficiency, and a reaction mechanism was proposed based on observations 

acquired by other authors. The highest Mo content obtained was 43% by weight. The highest current 

efficiency was 26%, obtained at 30 mA/cm². 
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Neste artigo, são apresentadas ligas de Ni-Mo eletrodepositadas com alto teor de Mo a partir de banhos de 

gluconato. Especificamente, foi avaliada a influência da densidade de corrente no processo de 

eletrodeposição, que produziu ligas de Ni-Mo sem trincas com alto teor de Mo. Comumente, a 

eletrodeposição de Ni-Mo é realizada em soluções de citrato, pois os íons de citrato promovem compostos 

de coordenação com maior estabilidade em comparação com ligantes mono e bivalentes. No entanto, devido 

ao alto estresse interno causado pelo Mo no revestimento quando seu teor é muito alto, microtrincas são 

formadas ao longo da superfície, causando defeitos no depósito. Banhos de gluconato foram comprovados 

para produzir ligas sem trincas, mesmo quando a densidade de corrente é alta. Os depósitos foram avaliados 

quanto à composição química por EDS e à morfologia superficial por SEM. Além disso, o processo de 

deposição foi avaliado quanto à eficiência de corrente, e um mecanismo de reação foi proposto com base 

em observações adquiridas por outros autores. O maior teor de Mo obtido foi de 43% em peso. A maior 

eficiência de corrente foi de 26%, obtida a 30 mA/cm². 

Palavras-chave: eletrodeposição, Ni-Mo, gluconato de sódio. 

1. INTRODUCTION 

Ni-Mo alloys are well known for their remarkable properties of high corrosion and wear 

resistance [1, 2], elevated electrocatalytic activity [3], and low thermal expansion coefficient [4]. 

Their possible applications include catalyst-support coatings [5] and microelectronic devices [6]. 

It is well known that Mo requires the presence of another metal (generally those from group 8 B) 

and a complexing agent in the electrolyte because the electrodeposition of Mo is governed by 

induced co-deposition [7]. Typically, such complexing agents are organic compounds with pairs 

of electrons available for coordination. Indeed, the current efficiency of electrodeposition of        

Ni-Mo films tends to be elevated in the presence of sodium citrate. For example, Santana et al. 
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(2010) [8] found a current efficiency of 92%, characteristic of coatings with high Ni contents. In 

contrast, when the Mo content increases, the efficiency tends to drop because of the higher 

nucleation rate as current density increases, for example [9]. Increasing the content of Mo in the 

deposit is interesting. However, it shows some consequences in the surface morphology of the 

coatings: as the atomic radius of Mo is greater than the Ni’s, the formation of microcracks is 

practically inevitable, diminishing the capacity of the films to be employed in aggressive 

corrosive mediums, as such cracks are responsible for localized oxidation [10-12]. 

Even though citrate baths tend to be reasonably stable for Ni-Mo electrodeposition and using 

less stable complexing agents might not be recommended, there are examples where such 

complexing agents have been used. In a previous study, we investigated the influence of bath 

chemistry on the electrodeposition of Ni-Mo alloys from tartrate baths in acidic media [13]. Other 

films can also be obtained using mono- or bi-valent ligands. Rudnik and Włoch (2014) [14] 

investigated the influence of sodium gluconate (𝑁𝑎𝐶6𝐻11𝑂7) on the electrodeposition process of 

Ni-Mn films. Ma et al. (2017) [15] investigated the effect of current density, temperature, and pH 

on the properties of the coatings. Although the gluconate ion is a monovalent ligand in 

complexation reactions [16], coatings can be produced at considerable current efficiencies, 

depending on the bath and operational parameters. Bera et al. (2013) [17] observed current 

efficiency in the 62 – 70% range when investigating Co-W electrodeposition in gluconate baths. 

Weston et al. (2010) [18] observed close to 50% current efficiencies in Co-W electrodeposition. 

Mahalingam and Bera (2021) [19] found remarkable current efficiencies in the 40 – 79% range. 

Some alloys have already been obtained from gluconate baths; however, to our knowledge, there 

are only a few reports on producing Ni-Mo alloys from such electrolytes [20]. In their study, the 

authors used salts containing Ni and Mo in baths with sulfamate content and additives such as 

saccharin and sodium lauryl sulfate. They obtained Ni-Mo coatings using high-current-efficiency 

electrodeposition processes, which the Ni can explain:Mo ratio of 100:1 g/L. 

As can be seen, the chemistry of the bath is fundamental in the electrodeposition process, 

especially in the case of additives that participate in complexation reactions, which may or may 

not be mandatory to acquire suitable Ni-Mo coatings. Other aspects must be considered. In this 

way, investigators usually evaluate the influence of operating variables such as the applied current 

density and temperature, which may vary according to the coatings [21]. In general, the role of 

each of these variables is well-known. The potential applied acts as an electromotive force for the 

phenomena to occur; it is responsible for attracting metallic cations to the negatively polarized 

surface (cathode), where they can be electrochemically reduced. Consequently, current emerges 

within the system, imposing current lines, which are responsible for the conducting ion migration 

phenomena. In turn, the temperature can modify the ionic mobility so that the cations may be 

easily driven to the cathode [22]; one should be careful when increasing the temperature to avoid 

degrading the coordination compounds formed.  

Regarding the Ni-Mo-based coatings, the current density was set in different ranges depending 

on the desirable morphology. For instance, Shetty et al. (2017) [23] conducted their experiments 

in the range of 10 𝑚𝐴/𝑐𝑚2 − 40 𝑚𝐴/𝑐𝑚² to obtain crystalline Ni-Mo deposits with 33.2 Mo 

wt.%. Li et al. (2021) [24] employed 50 𝑚𝐴/𝑐𝑚² in a pulsed electrodeposition methodology and 

found deposits with a diverse region of amorphous and nanocrystalline solids. In a previous paper, 

we developed amorphous Ni-Mo by conducting experiments at 60 𝑚𝐴/𝑐𝑚² [25]. The authors 

found their results by setting the temperature at 30 ℃ [21], −20 ℃ [22], and 70 ℃ (our previous 

paper). There is no direct and well-defined temperature profile, indicating a clear transition 

between crystallinity and amorphous solids because it depends on other variables, especially the 

bath chemistry associated with controllable parameters such as agitation and current density.  

Therefore, not only is the bath chemistry of the bath important for understanding how 

electrochemical reduction occurs, but also how the operating variables act during the process. 

Hence, to investigate the electrodeposition of Ni-Mo alloys from gluconate baths, this paper 

presents the initial steps of how the current density affects the chemical composition of the 

coatings and their morphologies from baths containing a high Ni:Mo concentration ratio. The 

results show that no cracks were formed even when the Mo content was elevated, which is present 

in Ni-Mo coatings obtained from citrate baths. For characterization purposes, the chemical 
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composition of the alloys were obtained by EDX analysis and surface morphology results by 

SEM. Finally, the electrodeposition process was evaluated in terms of the current efficiency.  

2. MATERIALS AND METHODS 

2.1 Electrodeposition 

Galvanostatic electrodeposition of Ni-Mo alloys was conducted in a two-electrode cell with a 

PGSTATE302N Autolab connected to NOVA 2.1.4. The working electrode was a copper foil of 

8 cm2 of total active area, and the counter electrode was a mesh Pt gauze with 112 cm2 of total 

active area. Before each deposition, the substrates were treated mechanically and chemically. The 

former involved polishing the electrode surface with 320–1200 grit silicon carbide papers to 

minimize surface irregularities. For the latter, the copper electrodes were submerged in 

H2SO4 1% (V V)⁄  and NaOH 10% (m V)⁄ . Chemical treatments focus on cleansing and 

removing possible oxides. The electrolyte was prepared with reagents of high purity degree: 

C6H11NaO7 (Neon, 99.48%) 0.2 mol/L, NiSO4. 6H2O (Neon, 98.18%) 0.053 mol/L, and 

Na2MoO4. 2H2O (Neon, 99.64%) 0.050 mol/L. The concentrations were chosen according to the 

work of Weston et al. (2010) for Co-W electrodeposition [18]. The current densities applied to 

this study were 30 mA/cm², 45 mA/cm², and 60 mA/cm². The temperature was kept constant 

at 75 °C with a thermostatic bath novatecnica NT246; pH was adjusted to 6.0 with a pHmeter 

Quimis Q400R by adding NaOH 50% (m/V) and H2SO4 50% (V/V), when necessary. All 

experiments were performed under quiescent conditions. The electric charge for each experiment 

was 600 C. All experiments were performed in duplicate. 

2.2 Chemical Composition and Current Efficiency 

Energy-Dispersive X-ray Spectroscopy performed chemical composition measurements with 

a spectrometer Shimadzu EDX-720. In addition, current efficiency was analyzed by Faraday’s 

law using the equation expressed in a previous study [25]. 

2.3 Surface morphology and microstructure analyzes 

The surface morphology was evaluated using Scanning Electron Microscopy (SEM) and 

Energy-Dispersive Spectroscopy (EDS) for microscopic superficial images and surface mapping, 

respectively, using a Tescan Oxford microscope. The microstructure of the coatings was analyzed 

by X-ray Diffraction (XRD), which was conducted with an X-ray diffractometer Shimadzu 6100 

with scanning range from 30° to 60°, Kα target of 15.4 nm wavelength at 30 kV and 30 mA, step 

size of 0.02°, and dwell time of 1 second.  

3. RESULTS AND DISCUSSION 

3.1 Chemical composition and current efficiency 

The influence of current density on the electrodeposition process of Ni-Mo alloys in the 

presence of sodium gluconate was investigated. Prior to the depositions, preliminary tests 

indicated that the deposition was impossible for temperatures (T) below 70°C at pH 6. This 

contrasts with what was observed by other investigators that employed similar conditions (bath 

chemistry and operational parameters) for the study of thin films as Co-W [26, 27]. Similar 

observations were expected because Co is intrinsically related to Ni, as they are both parts of 

group 8 B, and W is intrinsically related to Mo for the same reason as Co and Ni. The Co-W 

coatings produced from gluconate baths present good properties owing to their high W content, 
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and the applied current is used effectively to reduce Co and W electrochemically; that is, the 

electrodeposition process is conducted at a high current efficiency. For example,                             

Yar-Mukhamedova et al. (2018) [28] developed crack-free Co-W coatings with at.% W equals to 

18.4, and more than 72% of current efficiency. However, for T < 70°C, the coatings did not 

adhere to the substrate as expected, being easily removed with emery paper of 1200 grit; 

increasing T to 75°C partially solved the problem and the Ni-Mo coatings produced were with 

good adhesion to the Cu substrate. 

For current densities below 30 mA/cm², lack of adherence was observed; low current 

densities did not promote the deposition of Mo in high quantities. Therefore, a large amount of 

nickel was reduced on the cathode, resulting in a scaly appearance and remarkably low adhesion. 

It is noteworthy that the current density controls the chemical composition, microstructure of the 

alloys, electrodeposition rate, and cathodic current efficiency [29], which was considered the 

minimum required for the electrodeposition process of Ni-Mo films investigated in this study. 

Therefore, the experiments were conducted in an acidic medium (pH = 6.0), at T = 75 °C, with 

current density varying from 30 mA/cm2 to 60 mA/cm2. Table 1 shows the chemical 

composition of all deposits obtained. All experiments were performed in duplicates. The chemical 

composition results presented correspond to the arithmetic mean of the chemical compositions, 

and standard deviation values are shown. 

Table 1 – Results of chemical composition, current efficiency, and corrosion properties. 

Exp 𝐉(𝐦𝐀/𝐜𝐦²) Mo content (𝐰𝐭. %) 
Thickness 

(um) 
𝐂𝐄(%) 

𝟏 30 Ni61Mo(39 ± 0.04) 1.532 26.11 

𝟐 45 Ni59Mo(41 ± 0.05) 0.473 7.28 

𝟑 60 Ni57Mo(43 ± 0.08) 0.386 4.42 
J: current density; CC: experimental chemical composition; SD: standard deviation; CE: current efficiency. 

Table 1 shows that the Mo content increased as the current density increased up to 60 mA/cm2 

in experiment 3. According to Bigos et al. (2017) [30], when increasing the factors that accelerate 

the mass transport of metal ions cause an increase in the content of the refractory metal in the 

alloy (Mo in this case); one can conclude that diffusion limits Mo deposition. Not surprisingly, in 

the literature, this conclusion relates to the electrodeposition of Ni-Mo in citrate baths as it is the 

most used complexing agent in Ni-Mo electrodepositions, which follows the mechanism 

established by Podlaha and Landolt (1996) [31]. Table 1 also suggests that this pattern is followed 

in the present case so that the Mo content varies with the current density in gluconate baths like 

in citrate solutions. However, for current densities higher that 60 mA/cm², Ni2+ reduction is 

preferrable, and the Mo content drops. Such observation can be associated with the poor stability 

of the coordination compounds formed between gluconate and Ni2+ ions, which precludes the 

Mo deposition. Hence, as the Mo content increases with current density, it is suggested that the 

mechanism for the Mo reduction reaction in co-deposition with Ni in gluconate baths follows the 

same pattern as that with citrate ions proposed by Podlaha and Landolt, which was later confirmed 

by Zeng et al. (2000) [32]. A reasonable mechanism for the electrodeposition of Ni-Mo alloys 

using sodium gluconate as a complexing agent is proposed and described by Equations 1.1 – 1.6, 

as follows: 

 

Ni(aq)
2+ + 2e− → Ni(s)                                                                                                                        (1.1) 

Ni(aq)
2+ + 2Glu(aq)

− → [Ni(Glu)2](aq)                                                                                              (1.2) 

[Ni(Glu)2](aq) + MoO4(aq)
2− + 2H2O(l) + 2e− → [Ni(Glu)2(MoO2)]ads + 4OH(l)

−             (1.3) 

[Ni(Glu)2(MoO2)]ads + 2H2O(l) + 4e− → Mo(s) + [Ni(Glu)2](aq) + 4OH(aq)
−                 (1.4) 

[Ni(Glu)2](aq) + 2e− → Ni(s) + 2Glu(aq)
−                                                                                     (1.5) 

H2O(l) + e− → 1 2⁄ H2(g) + OH(aq)
−                                                                                                (1.6) 
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The current density affects the cathodic efficiency of the process. As the current density and 

the Mo content increased, the current efficiency decreased significantly. This observation is 

related to the fact that Mo deposition is essentially controlled by mass transfer [33], whereas Ni 

reduction is kinetically driven [34]. Therefore, by increasing the current density, the voltage 

between the working electrode and the counter electrode increased, favoring the transport of 

[NiGlu2] complexes to the surface of the cathode. However, the formation of gas on the surface 

of the cathode favors an increase in the Mo content in the alloy [31], which occurs because Ni-

Mo alloys are extremely electrocatalytic [26, 35-37]. As a result, when increasing the current 

density, the hydrogen retained on the cathode surface is more easily reduced to H2 and released 

to the atmosphere, promoting the reduction of metals onto the cathode and, consequently, 

producing alloys with higher Mo contents, which justifies the considerable drop in current 

efficiency results. 

Such behavior was observed for current densities up to 60 mA/cm2, from which a substantial 

decay was observed in the Mo content. When the production of H2 increases on the surface of the 

working electrode, most of the energy used in the electrodeposition process is diverted for 

hydrogen evolution purposes [36] at a higher rate, which inhibits the diffusion of ionic species of 

Mo as the applied current density is used for HER and not for electrochemical reduction of Mo. 

The main reason for the substantial decline in current efficiency, even though the current density 

was increased. 

3.2 Surface morphology and microstructure analyses 

Figure 2 presents the SEM micrographs of the alloys obtained from experiments 1 to 3. From 

these images, it can be seen that the current density has a significant influence on the surface 

morphology of the obtained alloys. For 30 mA/cm2, the alloy presented a smaller number of 

nodules, but more expressive. This characteristic is a consequence of the large amount of Ni in 

the coating, as evidenced by the chemical composition results. With an increase in the current 

density, smaller nodules were observed, which is a direct consequence of the increase in the 

nucleation rate. It is highlighted that there were no apparent microcracks along the surface of any 

film obtained in this study. According to Chassaing et al. (2004) [38], alloys with molybdenum 

contents higher than 30 wt. % present cracks due to high internal stress in the deposit. However, 

in the present work, it was possible to obtain alloys with Mo contents of approximately 40 wt. % 

without any sign of cracks. Figure 1A represents the surface microscopy for the NiMo39 alloy. 
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A) 

 

B) 

 

C) 

Figure 1 – Surface morphology and element distribution throughout the surfaces of the deposits of the 

alloys obtained at A) 30 mA/cm² - NiMo39, B) 45 mA/cm² NiMo41, and C) 60 mA/cm² - NiMo43. 

To assess the influence of current density on the alloy structure, XRD analyzes were 

performed. Figure 2 shows the diffractograms for copper samples coated with Ni-Mo alloys 

obtained in each experiment according to the molybdenum content. 
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Figure 2 – Diffractograms for the coatings 𝑁𝑖𝑀𝑜39 (exp 1), 𝑁𝑖𝑀𝑜41 (exp 2) and 𝑁𝑖𝑀𝑜43 (exp 3). 

According to Surani Yancheshmeh and Ghorbani (2014) [39], the alloys' surface morphology 

and microstructure strongly depend on their molybdenum composition. In their work, the authors 

stated that the deposition of Ni is limited due to the decreased mobility of Ni atoms in the structure 

of the Ni-Mo alloy. They declare it is explained by the difficulty of Ni diffusion due to the 

reduction of empty spaces in the crystalline network, also occupied by Mo atoms by the induced 

co-deposition process, giving the alloy an amorphous characteristic. 

Figure 2 shows that for Ni-Mo alloys with 39 wt.% Mo content (exp 1), characteristic peaks 

of the alloy around 43° are widened. When the Mo content increased from 39 to 41 wt. % (exp 

2), the peaks' further widening and considerable drop in their intensity are observed. Studies in 

the literature confirm such results when they mention that for high levels of molybdenum in the 

alloy, the material passes from crystalline to nanocrystalline/amorphous [40-42]. 

Although the Mo contents are remarkably close to each other in the presented alloys, it is 

observed that an increase in the current density also increases the Mo content. Huang et at. (2014) 

[43] obtained similar results regarding the proximity of the chemical composition and, even so, 

differences in the diffractograms presented. 

By increasing the current density from 45 mA/cm² (exp 2) to 60 mA/cm² (exp 3), the Mo 

content in the alloy increased from 41 wt.% (exp 2) to 43 wt.% (exp 3). Consequently, the 

diffractogram showed peaks with more expressive intensities. As the coating with Mo 43 wt.% 

was very thin, the peaks observed in the diffractogram are characteristic of copper overlapping 

those of the Ni-Mo alloy, which is also around 43° [39].  

4. CONCLUSION 

The results obtained in this study indicate that it is possible to obtain crack-free Ni-Mo alloys 

with a high Mo content using sodium gluconate as a complexing agent. Even at acidic pH, the 

obtained alloys showed good adhesion to the substrate. The effect of current density was observed 

to be significant in the analysis of the composition deposit chemistry and in the microstructure 

and cathodic efficiency of the alloys obtained. With an increase in density, there was a decrease 

in the nickel content in the alloys and, consequently, an increase in the Mo content. The current 

density also influenced the microstructure of the alloy. A more significant amount of Mo was 

observed in the alloy with smaller nodules at higher current densities. No microcracks were 

observed during the electrodeposition of Ni-Mo in citrate baths. Hence, sodium gluconate has 

proven to be an excellent complexing agent for obtaining Ni-Mo alloys via electrodeposition. It 

is an alternative to citrate electrolytes, as the deposition produces deposit coatings with high Mo 

content without cracks, with experiments showing good current efficiency. 
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