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Many mechanical parts, such as mechanical arm requires iron-based materials with optimal mechanical 

property. In the paper, CoMo coating and CoMoP coating are prepared by electrodeposition on the iron 

substrate to greatly improve mechanical property. The electrodeposition of cobalt and molybdenum 

belongs to induced codeposition. It is also found that the deposition of cobalt and phosphorus is an 

interdependent process. Sodium hypophosphite in the plating solution can accelerate the cobalt 

electrodeposition and increase the cobalt content in the coating. The CoMo electrodeposited coating 

has 63.8% cobalt and 36.2% molybdenum while the CoMoP electrodeposited coating consists of 

71.4% cobalt, 18.1% molybdenum and 10.5% phosphorus. Both CoMo and CoMoP coating are 

crystalline structure with Co3Mo and MoO2. The phosphorus distribution in the grain boundary and 

lattice of the CoMoP coating is beneficial to refine surface particles, increase surface hardness (521.13 

HV0.1) and improve wear resistance (8.42×10-3 mm3 wear volume).  
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1. INTRODUCTION 

 

Iron-based materials are considered as a kind of common and fundamental metal materials, 

which are mainly used in many fields, such as the construction industry, mechanical devices, electronic 

industry, etc [1-4]. Especially, some mechanical parts require iron-based materials with optimal 

mechanical property. For example, mechanical arm is a kind of common mechanical part of 

mechanical industry. The iron-based materials that constitute the mechanical arm need to have better 

hardness and excellent wear resistance. In order to further meet the needs of the mechanical field, it is 

necessary to use surface treatment technology to prepare metal alloy coatings on the surface of iron-

based materials, so as to greatly improve the mechanical properties of iron-based materials [5-8]. 
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Cobalt is a lustrous steel-gray metal with a melting point of 1493°C, which is hard and considered as 

an important raw material for the production of hard alloys. Moreover, molybdenum is a silver-white 

metal which is also hard and tough with a high melting point. It is found that the CoMo alloy has 

excellent mechanical property with better hardness and good wear resistance. Many researchers have 

prepared CoMo alloy coating by physical and chemical methods [9-13]. In addition, in order to further 

improve the mechanical property of CoMo alloy coating, some nano-particles are added to prepare 

CoMo composite coating. It is reported that nano-particles such as ZrO2, Al2O3, SiC, etc can greatly 

improve the mechanical property of CoMo alloy coatings on the surface of materials [14-16]. In fact, 

in addition to nano-particles, adding non-metallic elements in metal alloys is also beneficial to improve 

the mechanical properties of metal alloys. For example, phosphorus has a strong solid solution 

strengthening, which can effectively improve the strength and hardness of materials [17-18]. Due to 

the use of sodium hypophosphite as reductant in electroless deposition, the effect of phosphorus on the 

properties of alloy coatings in the process of electroless plating has been reported in many literatures 

[19-20]. In the paper, the CoMo and CoMoP coating is prepared on iron substrate respectively from 

solutions with and without sodium hypophosphite by electrodeposition. The mechanical property of 

iron substrate, CoMo coating and CoMoP coating is studied.  

 

 

 

2. EXPERIMENTAL 

2.1 Solution and technological parameters 

The solution composition of the CoMo and CoMoP electrodeposited coating is listed in Table 1.  

 

Table 1. Composition of plating solution for CoMo and CoMoP coating 

 

Chemical agent  Concentration(g/L)   Concentration(g/L) 

   CoMo coating    CoMoP coating 

Cobalt sulfate 20  20 

Sodium molybdate 10 10 

Sodium hypophosphite - 10 

Sodium sulfate 15 15 

Ammonium citrate 60 60 

Boric acid 35 35 

 

The cobalt sulfate and sodium molybdate provide cobalt and molybdate ions respectively for 

CoMo electrodeposition. The phosphorus in the CoMoP coating derives from sodium hypophosphite. 

Sodium sulfate is used as conducting salt to improve electrodeposition efficiency. Moreover, 

ammonium citrate is chosen as the complexing agent while boric acid is as the buffering agent. The pH 

value of the solution is adjusted to 7 using sodium hydroxide. The CoMo coating and CoMoP coating 
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is obtained from the solution with and without sodium hypophosphite using the current density 2 

A/dm2 for 60 min at 60 ℃. 

 

2.2. Experimental process and testing 

The surface area of pure iron sheet as the substrate is 4 cm2 (2 cm×2 cm) while the graphite 

sheet as counter electrode is 9 cm2 (3 cm×3 cm). The area of the counter electrode is twice that of the 

working electrode to ensure a more uniform current distribution on the substrate. The surface 

pretreatment of iron substrate before plating is as follows: polishing→ pure water cleaning→

alkaline wash (40 g/L sodium carbonate and 10 g/L sodium hydroxide) at 50 ℃ for 10 min →pure 

water cleaning→acid pickling (15% hydrochloric acid) at 30 ℃ for 1 min→pure water cleaning→

drying→electrodeposition of CoMo and CoMoP coating. After the electrodeposition is finished, the 

sample is dried and tested.   

The chronoamperometry of Co, CoMo and CoMoP electrodeposited at different potentials is 

studied by electrochemical station (Iviumstat) to analyze the codeposition of CoMo and CoMoP 

coatings. The potential is selected as -1.0 V, -1.2 V and -1.4 V respectively for 360 s at 60 ℃. The 

surface morphology of samples is observed by scanning electronic microscope (Hitachi TM4000) 

while the surface element distribution of sample is analyzed by energy disperse spectroscopy 

(EDX4500H). X-Ray diffraction (DX2700) is used to characterize the structure of coatings at 2°/s 

scanning rate from 30° to 70°. The hardness of the coatings is tested by digital Vickers hardness tester 

(HV-1000) at 0.98 N with 15 s holding time. The mechanical property of coatings is evaluated by 

friction and wear testing machine (ZMM30) and scratch tester (WS292) based on the wear scar and 

scratch on the sample surface. The surface profiler (Tencor P7) is used to describe the 3D morphology 

of wear scar.  

 

 

3. RESULT AND DISCUSSION 

3.1 Chronoamperometry and surface morphology of CoMo and CoMoP electrodeposition 

The chronoamperometry of Co, CoMo and CoMoP electrodeposited at -1.0 V, -1.2 V and -1.4 

V on iron substrate for 360 s at 60 ℃ is seen in figure 1.  
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Figure 1. Chronoamperometry of Co, CoMo and CoMoP electrodeposition at -1.0 V, -1.2 V and -1.4 

V for 360 s at 60 ℃. i: 0.01 mol/L CoSO4; ii: 0.01 mol/L CoSO4+0.01 mol/L Na2MoO4; iii: 

0.01 mol/L CoSO4+0.01 mol/L Na2MoO4+0.01 mol/L NaH2PO2; 

 

According to figure 1, the deposition current of Co, CoMo and CoMoP at same deposition 

potential is totally different. The relationship between time and current is useful to analyze the 

nucleation mechanism and codeposition process for metal ions. Generally speaking, the deposition 

current decreases gradually due to double layer charging during the initial period of electrodeposition. 

With the increase of electrodeposition time, the deposition current increases gradually and reaches the 

maximum value due to the nucleation and growth of metal which increase the surface area and the 

surface current distribution, resulting in the increase of deposition current. As the electrodeposition 

goes on, the thickness of diffusion layers increases and the deposition current decreases gradually. 

When the system reaches a chemical equilibrium, the deposition current tends to be stable. According 

to the data in figure 1, when the electrochemical equilibrium is reached, the deposition current of 

CoMo is the smallest while the deposition current of CoMoP is the largest, and the deposition current 

of Co is between that of CoMo and CoMoP.  

It can be seen that the addition of sodium molybdate in the plating solution prevents the 

electrodeposition of cobalt. The codeposition of cobalt and molybdenum belongs to induced 

codeposition. Molybdenum cannot be electrodeposited directly from aqueous solution alone, but 

codeposition of cobalt and molybdenum can be induced by autocatalysis on cobalt surface to form 

CoMo alloy coating. The codeposition mechanism of cobalt and molybdenum is reported by the 

following equations [21]. 

          


 OHOHMoOeOHMoO 4)2(24 222

2

4    (1) 

OHMoCoCoHOHMoO 222 4)()(4)2(        (2) 

 

The electrodeposition current of CoMoP coating is the largest which indicates that adding 

sodium hypophosphite in the solution accelerates the electrodeposition of cobalt. The precipitation of 

phosphorus can be explained in the following equations [22-23]. 

 

HHHPOOHPOH 2
2

3222  
            (3) 

POHOHCoHPOH  

222 )(               (4) 
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The primary hydrogen decomposed by hypophosphite is adsorbed on the surface of cobalt 

metal, which catalyzes the primary hydrogen and promotes the phosphorus precipitation. The 

deposition of cobalt and phosphorus is an interdependent process. The electrodeposited cobalt acts as 

the surface catalytic center to promote the precipitation of phosphorus while the precipitation of 

phosphorus in turn promotes the deposition of cobalt [24]. 

 

 

         
 

Figure 2. The surface morphology of iron substrate, CoMo coating and CoMoP coating. a: iron 

substrate; b: CoMo coating; c: CoMoP coating; The accelerating voltage is 15 kV.  

 

The surface morphology of the iron substrate is relatively flat after pretreatment, and some 

polished scratches can be observed. The surfaces of both CoMo and CoMoP coatings are composed of 

granular structures. The surface porosity of the CoMo coating is large, the particle size is not uniform, 

and some scratches can be observed on the surface. The addition of sodium molybdate in the solution 

hinders the electrodeposition process of cobalt, which reduces the deposition rate. The surface 

morphology of the CoMoP coating is very dense and the particle size is uniform. On one hand, the 

phosphorus promotes the electrodeposition of cobalt, which increases the deposition rate. On the other 

hand, phosphorus can enter the grain boundary and lattice of CoMo alloy coating that play the role of 

refining surface particles. 

 

3.2 Structure and composition of CoMo and CoMoP coating 

The XRD pattern of CoMo and CoMoP electrodeposited coating is shown in figure 3. Five 

obvious diffraction peaks could be observed based on the XRD patterns which mean that the 

electrodeposited CoMo and CoMoP coating are crystalline structure. The three strong diffraction peaks 

(a, b and c) indicate the structure of Co3Mo which is a typical tetrahedron structure [25]. The two 

diffraction peaks with lower intensity (d and e) are the diffraction peaks of MoO2. Compared with 
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CoMoP, the diffraction peak intensity of molybdenum oxide in CoMo coating is stronger, which is 

attributed to the codeposition process induced by cobalt and molybdenum [26-27]. The molybdate ions 

gain electrons to form molybdenum oxide. It can be seen from the previous analysis that phosphorus 

and cobalt have a synergy effect. The addition of sodium hypophosphite to the plating solution is 

beneficial to increase the content of cobalt in the coating, which increases the diffraction intensity of 

Co3Mo and reduces the diffraction peak intensity of molybdenum oxide. 

 

 

 
 

Figure 3. XRD patterns of CoMo and CoMoP coating. The scanning rate is 2°/s from 30° to 70°. 

 

 

 
 

Figure 4. EDS pattern of CoM and CoMP coating. The energy resolution is 150 eV. 

 

The CoMo electrodeposited coating possesses 63.8% cobalt and 36.2% molybdenum. The 

molybdenum in the coating originates from the Co3Mo structure and MoO2. The CoMoP 

electrodeposited coating is composed of 71.4% cobalt, 18.1% molybdenum and 10.5% phosphorus. 

The sodium hypophosphite in the plating solution is beneficial to increase the cobalt and phosphorus 

content in the CoMoP coating, but decrease the amounts of molybdenum.  
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3.3 Hardness and scratch resistance of CoMo and CoMoP coating 

The Vickers hardness tester is used to apply a pressure of 0.98 N on the surface of the sample 

and hold it for 15 seconds to calculate the hardness value of the sample according to the area of the 

indentation. The results are shown in figure 5 and table 2. The indentation of the iron substrate is the 

largest while the indentation of the CoMoP coating is the smallest, and the indentation of the CoMo 

coating is between that of the iron substrate and CoMoP coating. According to the data in table 2, the 

Vickers hardness of the iron substrate is the smallest about 163.78 HV0.1. The Vickers hardness of the 

CoMo coating is 323.54 HV0.1 while the hardness of the CoMoP coating is the highest, reaching 

521.13 HV. It is known that Co3Mo has a stable tetrahedral structure, and the hardness and melting 

point of cobalt and molybdenum are very high, so the hardness of CoMo coating electrodeposited on 

iron substrate is greatly improved compared to the iron substrate. The addition of phosphorus is 

beneficial to refine the surface particles of the CoMoP coating, increase the content of cobalt, and 

further improve the hardness. The effect of phosphorus on the grain size of alloys has been 

investigated in some literatures so far [28-29]. 

 

Table 2. The hardness of iron substrate, CoMo and CoMoP coating based on rhomb indentation 

 

Samples D1 (μm) D2 (μm) HV0.1 

Iron substrate 33.12 34.86 163.78 

CoMo coating 23.73 24.63 323.54 

CoMoP coating 18.98 19.12 521.13 

 

 

    
 

Figure 5. Vickers hardness of iron substrate, CoMo coating and CoMoP coating. The loading force is 

0.98 N with 15 s holding time.  

 

Figure 6 shows the variation trend of the friction force on the surface of the sample and the 

surface morphology of the scratches. When the loading force on the sample surface gradually increases 
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from 0 N to 90 N, the frictional force on the sample surface also increases accordingly. When the load 

is 90 N, the friction forces of the iron substrate, CoMo coating and CoMoP coating are 1200 g, 1120 g 

and 880 g, respectively. According to the scratch morphology, when the load is relatively small, the 

scratches are finer. With the gradual increase of the loading force, the scratches on the sample surface 

gradually thicken. When the load is 90 N, the scratch width of the iron substrate is the largest, and the 

scratch width of the CoMP coating is the smallest. It can be seen that the scratch resistance of CoMoP 

coating is the best compared to iron substrate and CoMo coating. The main reason is that the addition 

of phosphorus increases the cobalt content in the coating and at the same time refines the surface 

particles of the coating, which reduces the surface porosity of the coating, increases the compactness, 

and greatly improves the mechanical properties of the coating. 

 

 

 
 

Figure 6. Friction force and scratch morphology of samples. The loading force is increased from 0 N 

to 90 N.  

 

3.4 Wear resistance of CoMo and CoMoP coating 

The top views of wear scars on samples are illustrated in figure 7. The wear scar depth can 

directly evaluate the wear resistance of the sample. According to the depth ruler, the surface depth 

gradually increases as the color changes from white to black. The wear scar on the iron substrate 

shows a continuous dark black in the middle, indicating that the wear scar is very deep. It can be seen 

from the top view of the CoMo coating that there is a small amount of black area in the middle, 

indicating that some areas of the wear scar are deeper. According to figure 7(c), most areas on the wear 

scars of the CoMoP coating show red color, indicating that the depth of the wear scars is shallow. 

Comparing the three top views, it can be found that the CoMoP coating has the shallowest wear scar 

and the best wear resistance, which is consistent with the previous analysis results. 
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Figure 7. Top views of wear scars on iron substrate, CoMo coating and CoMoP coating after 

reciprocating friction with 10 N loading force for 30 min.  

 

 

In order to better calculate the depth, cross-sectional area and volume of the wear scar, the 

surface profiler is used to scan the wear scar from left to right to draw a 3D graph of the wear scar, as 

shown in figure 8 and table 3.  

 

 

 
 

Figure 8. 3D morphology of wear scar on iron substrate, CoMo coating and CoMoP coating.  

 

 

Table 3. Geometrical parameters of wear scar on iron substrate, CoMo coating and CoMoP coating. 

 

Samples Maximum depth 

of wear scar (μm) 

Cross-sectional 

area of wear scar 

(μm2) 

Volume of wear 

scar (mm3) 

Iron substrate 17.25 10176.23 20.35×10-3 

CoMo coating 14.07 7410.35 14.82×10-3 

CoMoP coating 7.81 4213.92 8.42×10-3 
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Regarding to the date of table 3, it is conspicuous that the iron substrate has the largest wear 

scar depth (17.25 μm) and maximum wear volume (20.35×10-3 mm3) showing poor wear resistance. 

Compared with iron substrate, CoMo coating has better wear resistance property with wear scar depth 

(14.07 μm) and wear volume (14.82×10-3 mm3). Furthermore, the CoMoP electrodeposited coating 

possesses the smallest wear scar depth (7.81 μm) and the minimum wear volume (8.42×10-3 mm3) 

indicating the best wear resistance property. Some people also report that the phosphorus element in 

the alloys can refine the grain size and affect the mechanical property of alloys [30-31]. 

 

 

4. CONCLUSION 

CoMo coating and CoMoP coating are prepared by electrodeposition on the iron substrate. 

Composition, surface morphology, structure and mechanical properties of CoMo coating and CoMoP 

coating are investigated and analyzed. The conclusions are as follows. 

(1) The codeposition of cobalt and molybdenum can be induced by autocatalysis on cobalt 

surface to form CoMo alloy coating which is considered as induced codeposition. Adding sodium 

hypophosphite in the solution accelerates the electrodeposition of cobalt to obtain CoMoP coating. The 

surfaces of both CoMo and CoMoP coatings are composed of granular structures. However, CoMoP 

coating has more compact and denser surface morphology due to the effect of phosphorus. 

(2) The CoMo electrodeposited coating possesses 63.8% cobalt and 36.2% molybdenum while 

the CoMoP electrodeposited coating is composed of 71.4% cobalt, 18.1% molybdenum and 10.5% 

phosphorus. The CoMo and CoMoP coating are both crystalline with Co3Mo tetrahedron structure. It 

is found out that the addition of phosphorus is beneficial to refine the surface particles of the CoMoP 

coating, increase the content of cobalt, and further improve the mechanical property. The CoMoP 

electrodeposited coating has the largest hardness (521.13 HV0.1) and the smallest wear volume which 

is only 8.42×10-3 mm3.  
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