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Abstract 
Hard chromium coatings have attracted much attention due to their strong tribological and corrosion performance. There is a global need to replace such coatings in industrial applications owing to technical problems, environmental concerns and legislation. Amongst possible coatings, Co-P electrodeposits are a promising alternative to hard chromium in a variety of engineering industrial fieldsapplications due to . Co-P based coatings showtheir significant appreciable microhardness and high corrosion resistance. Attractive magnetic, tribomechanical and electrical properties are evident together with excellent thermal stability. Environmentally acceptable process conditions may be used which allow controlled deposition on diverse workpieces across a wide scale. This review provides an overview of the influence of operational parameters, including type of current control, electrolyte composition, pH, current density and electrolyte agitation on the physicochemical and mechanical characteristics of the deposits. The incorporation of ceramic particles into Co-P electrodeposits to produce tailored composite coatings is also considered. An insight is given into the development of next generation alloy and composite deposits to replace hard chromium deposits from acidic Cr(VI) baths. Diverse applications for Co-P electrodeposits are considered and topics deserving further R & D are highlighted. 
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Nomenclature 
Symbol	Meaning									Units
A		Cathode area									cm2
d	Duty cycle									dimensionless
Ecell	Cell voltage									V
F	Faraday constant								A s mol-1
I	Current									A
j	Current density								A cm-2
jCo	Current density for cobalt deposition					A cm-2
jH2	Current density for hydrogen evolution					A cm-2
jP	Current density for phosphorus deposition					A cm-2
MCo	Molar mass of cobalt							g mol-1
t	Time										s
toff	Current pulse off time							s
ton	Current pulse on time							s
T	Temperature									K
w	Mass of material								g
x	Deposit thickness								cm
z	Electron stoichiometry							dimensionless

Greek
	Cathode current efficiency for cobalt deposition				dimensionless
	Density of cobalt								g cm-3



Abbreviations 
CNT	  Carbon nanotube
DC        Direct current
DP         Double pulse 
EHC	  Electrodeposited hard chromium
FCC      Face-centered-cubic
HCP      Hexagonal close-packed 
PC         Pulsed current
PRC      Pulsed reverse current
RCE	Rotating cylinder electrode
RCH	Rotating cylinder Hull (cell)
RDE	Rotating disc electrode
SADP   Selected area diffraction pattern
SDS      Sodium dodecyl sulfate
SP         Single pulse
TEM    Transmission electron microscopy 


1. Introduction 
Engineering components are fabricated to meet specific demands in industrials applications. Some technical and economic aspects, including duty condition, type of applied load, service lifetime, safety, availability, final cost, etc. should be taken into consideration before selecting the type of the material used to fabricate the component [1-6]. Since the surface of the material plays a critical role in determining its properties and performance, great attention should be paid to this issue. Surface modification and the coating process should be considered as an integral step during the early stages of engineering design [7-13].

A broad spectrum of coating techniques is available. While some of these methods do not qualify for routine and diverse use at industrial-scale and concern laboratory-scale studies, others adequately fulfill industrial demands. As a general classification, coating techniques can be divided into two distinct groups: (i) dry techniques, including thermal spraying and sputtering [14-21] and (ii) wet techniques, such as electrochemical and sol-gel deposition [22-25]. Electrodeposition offers numerous advantages, such as precise control over thickness and microstructure of the film, moderate cost, facile application, and a low operating temperature. This technique also has the potential to fabricate both alloy and particle-reinforced composite coatings. The operational variables involved in electrodeposition, such as the type of current control, cathode current density, electrolyte pH and temperature, etc. greatly affect the final properties of the deposit. Thanks to its benefits, electroplating has been used to coat diverse substrate materials and shapes on a pilot and industrial-scale [26-39]. 

Electrodeposited hard chromium (EHC) coatings have been extensively employed in industrial fields, such as construction, mining, aerospace, machine tools, automotive transport, and oilfield processing due to their high wear and corrosion resistance, excellent hardness, and electrical properties as well as moderate cost [40-43]. EHC refers to the thick chromium layer (1-500 µm in thickness) rather than thin decorative ones (less than 0.250 µm in thickness). Care should be taken to avoid mislabeling these different coatings since they can be deposited from similar electrolytes. In spite of their benefits, some technical and environmental obstacles, such as cracks in the microstructure, low current efficiency, hydrogen embrittlement, and release of toxic hexavalent chromium Cr(VI) in the form of vapour and liquid/solid sludge waste, have limited the continued industrial use of EHC, and act as the principal driving force behind the need to secure acceptable alternatives to EHC. Cr(VI) is carcinogenic and can cause serious threats to human and environment health; it has been the subject of global legislation over the last two decades [44-47].  
Progress in technology has historically shown that technical challenges can be converted to opportunities. Since the mid-20th century, many attempts have been devoted to alternatives to hard chromium. Continuous, detailed research has demonstrated that Ni and Co based alloy and composite electrodeposits, including Ni-P, Ni-W, Ni-B, Ni-Mo, Co-P, Co-W, and Co-B possess desirable properties, and deserve to be considered as potential candidates for EHC replacement [48-62]. Among these systems, Co and its alloys, especially Co-P layers, are of continuing interest owing to their special magnetic and electrical characteristics, excellent corrosion and tribological behavior, high hardness, desirable fatigue response, strong interfacial strength and superior thermal stability. Co-P can be electrodeposited at high current efficiency, contains few microstructural defects, such as pits and cracks and has a low environmental impact. The favourable properties of Co-P alloy electrodeposits can be further enhanced by inclusion of appropriate ceramic particles provided the included particles are well-dispersed throughout the alloy matrix [63-79]. A timeline illustrating the development of Co-P based films as a promising EHC alternative is provided in Fig. 1. 
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Fig. 1. A timeline for the development of Co-P based films as a promising EHC substitute [63, 80-85]. 
This review endeavors to provide a critical overview on the recent progress and fundamental considerations of Co-P electrodeposits, as well as addressing the influence of various operating parameters, such as type of current mode, current density, electrolyte condition, and post-heat treatment on the overall characteristics of Co-P electrodeposits. The role of included particles in realising enhanced performance of these coatings is highlighted. The applications and future prospects of Co-P electrodeposits, as potential candidates for EHC replacement is considered in detail.  
Despite the favourable engineering benefits of Co-based deposits it is important to be aware of their limitations due to resources, cost of production and the need for environmental treatment/recycling. The price of cobalt has tended to increase over the last few years and is subject to fluctuations, due to economically and politically restricted resources and there is anticipation of increased need for cobalt in the cathodes of lithium ion batteries, particularly as electric vehicles become prominent and their batteries need to be engineered on a larger scale. On the other hand, many alternative batteries and electrode materials are under active development, which should help to moderate further price increases and fluctuations.
The electrodeposition process of Co-P based layers can raise some environmental and health concerns; however their risks are much lower than that of chromium plating. A proper strategy in electroplating processes should be applied to carefully treat the wastewater. The application of cation exchange resin can be a potential solution enabling a remarkable decrement in the Co content of the wastewater. On the other hand, the phosphorus is also known as a potential water contaminant that should be separated from the wastewater using appropriate methods, e.g., Membrane separation technology. Furthermore, utilizing advanced electroplating techniques can be effective in diminishing the harmful impacts of hazardous materials. The addition of reinforcing nanoparticles and surfactants can put an additional burden on the wastewater treatment system since some of the nanoparticles are toxic. Therefore, the degree of toxicity of the particles used for strengthening the Co-P electrodeposits should be considered, and non-toxic particles should be employed as far as possible [31, 86].
 
2. Fundamental considerations
2.1 Typical electrode reactions and the rate of cobalt electrodeposition
The electrodeposition of cobalt from its divalent ions:
	Co2+ +  2e-   =   Co 
	(1)


where the electron stoichiometry, z = 2, can be controlled over a broad range of current to give deposits of thickness, x (typically submicron to 100 µm). At a constant current and uniform deposition, the rate of thickness development of a cobalt electrodeposit over time, dx/dt can be expressed by Faraday’s laws of electrolysis:
	 
	(2)



where M is the molar mass of cobalt (MCo = 58.93 g mol-1),  ρ is the density of cobalt (8.93 g cm-3 at 20 oC) and F is the Faraday constant (96485 A s mol-1 = 26.8 A h mol-1).  The current efficiency for cobalt deposition, is the fraction of current used to deposit it:
	 
	(3)


										
At a uniform current density, j = I / A of 5 A dm-2 (= 50 mA cm-2), with a current efficiency of 95%, the rate of electrodeposition is 58.5 µm h-1 [31, 87, 88]. 

In terms of the mass rate of metal deposited, equation (2) may be restated as:
	
	(4)


						
Commonly, precursors such as phosphorous acid (H3PO3), phosphoric acid (H3PO4) or sodium hypophosphite (NaH2PO2) are used in the bath to achieve codeposition of phosphorus. 
The total current density is made up of partial current densities due to metal deposition, phosphorus deposition and secondary reactions, mainly hydrogen evolution:
	
	(5)


									
Two mechanisms are proposed to describe the reaction scheme during the Co-P codeposition, when H3PO3 is incorporated into the electrolyte. The first approach considers that the nascent hydrogen formed at the surface of cathode can reduce H3PO3 to PH3 [70]:
	6H+ + 6e- = 6Hads
	(6)

	H3PO3 + 6Hads = PH3 + 3H2O
	(7)

	2PH3 + 3Co2+ = 3Co + 2P + 6H+
	(8)



Another concept is based on formation of phosphorus atoms through reduction of H3PO3 along with adsorption of H+ ions on the cathode surface:  
	Co2+ + 2e- = Coad
	(9)

	H3PO3 + 3H+ + 3e- = Pad + 3H2O
	(10)

	Coad + Pad = CoPphase
	(11)



Considering the small dissociation constant of H3PO3, it is likely that the main phosphorus-containing species is H3PO3. Accordingly, the presence of H3PO3 has a remarkable influence on Co-P electrodeposition. At a higher H3PO3 and H+ ion concentration in the bath, more phosphorus is codeposited, in accordance with either concept [70].   
In the case of hypophosphite ion reduction:
	H2PO2-  +  2H+  +  e-   =   P  + 2H2O 
	(12)



It is unfortunate that the current efficiency for such reactions is rarely considered in the literature as it determines the phosphorus content in the deposit. 
While reactions (1) and (12) are desired reactions in Co-P electrodeposition, a major secondary reaction is hydrogen evolution:
	2H+ +  2e-   =   H2
	(13)



which tends to increase local catholyte pH, making the use of a pH buffer and electrolyte agitation important in avoiding cobalt hydroxide/oxide impurities in the deposit.	
At a soluble cobalt anode, Co2+ ions can be replenished in the bath by dissolution:
	Co  - 2e-   =   Co2+
	(14)


In the case of an inert anode, such as platinised titanium, oxygen evolution takes place, e.g., in an acid bath:
	H2O  -  2e-   =  0.5O2 + 2H+ 
	(15)


								
2.2 Electrolytes and their composition
The type of used electrolyte during the electrodeposition has a pronounced effect on the composition, microstructure, and final performance of the electrodeposited Co-P coatings [89]. Overall, Co-P alloy coatings can be electrodeposited using four types of baths, including (i) Watts [90-93], (ii) chloride [94-102], (iii) gluconate [89, 103] and (iv) sulfamate [104] baths. Each bath has its own advantages and limitations so that one should select the bath type depending on the targeted application [89]. It is obvious that the chloride bath has been frequently used by the scholars for electrodeposition of Co-P alloy films. Although the reason(s) explaining the vast application of the chloride bath is not clearly addressed in the literature, its benefits include superior conductivity, anode dissolution, good macrothrowing power and high tolerance of impurities. The corrosive nature of the electrolyte, the resultant brittle coatings and a tendency to produce high surface roughness films rough films are primary drawbacks to the chloride bath. The presence of cobalt chloride in the composition of the Watts bath gives rise to anode dissolution. CA careful control is needed when calculating the concentration of cobalt chloride since excessive amounts of this chemical may cause internal stress [105, 106]. Boric acid, which is used in the preparation of Watts and gluconate baths serves as a buffer preventing the local increase in pH level originated from the hydrogen evolution [107]. Other additives, such as saccharin and sodium dodecyl sulfate are added to increase homogeneity, improve current efficiency, and lower internal deposit stress [69, 70]. The Watts type of bath used for Co-P electrodeposition allows robust deposition of reproducible coatings but can suffer from a poor current distribution. Increasing the stability of the bath by controlling the concentration of the salts, pH, stirring, and the choice of additives is important [108]. Gluconates can be incorporated into the Co-P electrolyte as a complexing agent. They are nontoxic and eco-friendly compounds [109, 110]. The control of electrolyte pH during the electrodeposition of the Co-P films is of significant importance irrespective of type of the used bath since the higher pH levels facilitate the deposition of non-metallic compounds, leading to a degraded magnetic and electrical performance of the fabricated films [71, 111]. Table 1 lists the types, additives, and pH of the used electrolytes for electrodeposition of the Co-P alloy films. 
Table 1. Types of bath, their composition and pH of electrolytes for electrodeposition of Co-P.
	Bath type
	Components
	pH

	Watts
	Cobalt(II) sulfate heptahydrate, CoSO4.7H2O
	1.4-4.8

	
	Cobalt(II) chloride hexahydrate, CoCl2.6H2O
	

	
	Boric acid, H3BO3
	

	
	Phosphorous acid, H3PO3/sodium hypophosphite, NaH2PO2
	

	
	Saccharin, C7H5NO3S
	

	
	Sodium dodecyl sulfate,  CH3(CH2)10CH2(OCH2CH2)nOSO3Na
	

	Chloride
	Cobalt(II) chloride hexahydrate, CoCl2.6H2O
	1-2.2

	
	Cobalt(II) carbonate, CoCO3
	

	
	Phosphorous acid, H3PO3/sodium hypophosphite, NaH2PO2
	

	
	Phosphoric acid, H3PO4
	

	Gluconate
	Cobalt(II) sulfate heptahydrate, CoSO4.7H2O
	5.2

	
	Phosphorous acid, H3PO3/sodium hypophosphite, NaH2PO2 
	

	
	Boric acid, H3BO3
	

	
	Sodium gluconate, C6H11NaO7
	

	
	Sodium chloride, NaCl
	

	Sulfamate
	Cobalt sulfamate, CoH4N2O6S2
	2

	
	Phosphoric acid, H3PO4
	

	
	Phosphorous acid, H3PO3/sodium hypophosphite, NaH2PO2
	



Co-P alloy is often electrodeposited from acid baths. Such electrolytes have a limited capability to control hydrogen evolution and deposit composition during the deposit growth. On the other hand, alkaline baths enable good control of these properties and are well suited to Co-P electrodeposits used in magnetic applications. Xu et al. [112] have suggested an alkaline sulfamate bath containing ammonium citrate as a complexing agent.   
In contrast to Co-P alloy electrodeposits, all reported particle-reinforced Co-P composite films are electrodeposited from the Watts bath. Another important difference between electrolytes used for composite coatings is the higher pH value of baths used to deposit the composite layers, which is typically in the range of 5-6.6 [84, 113-117].    
Modifying the composition of conventional baths used to electrodeposit both Co-P alloy and composite layers and making a detailed comparison between the properties of resultant deposits from different types of electrolytes are of important research endeavours. Fig. 2 shows the schematic of a laboratory arrangement for Co-P electroplating. 
[image: D:\reiview papers\Co-P\Figures & backstage\Co-P schematic.tif] 
Fig. 2. A schematic of a laboratory arrangement for Co-P electroplating.
2.3 Electroplating process technology
Electrodeposition refers to a process in which the anode material dissolves by applying an electrical current, followed by moving the dissolved cations through an electrolyte to reach the surface of cathode. The cathode/electrolyte interface, the cations are reduced and a coating with a desired composition is deposited on the surface of cathode. The high ionically conducting electrolyte completes the electrical circuit between the electrodes in the cell [118-124]. A schematic of an industrial vat electroplating process is shown in Fig. 3. Important aspects of electrolyte composition, mode of current supply and choice of suitable process conditions to produce appropriate deposit properties are highlighted.

[image: C:\Users\Dafe  Computer  Co\Desktop\Fig. 3-new.tif]
Fig. 3.  A schematic of an industrial electroplating vat for Co-P deposition, indicating important aspects of electrolyte composition, mode of current supply and choice of suitable process conditions to produce appropriate deposit properties.

For electrodeposition of Co-P based coatings, it is essential to employ cobalt or graphite sheet as anode. Cathode material is selected depending on targeted application. Copper, mild steel, and brass are of the commonly used substrates. The electrolyte is continuously stirred during the electrodeposition process to guarantee that there is no change in its pH and/or composition. It also contribute to mass transfer of nickel and hypophosphite ions toward the cathode [89, 96, 98].
Albeit Co-P films can be electrodeposited either under potentiostatic or galvanostatic control, most have utilized the latter. A careful comparison of overall characteristics of the Co-P based electrodeposits under various types of current control is needed to illustrate the importance of the mode of current on the final performance and applications of the coatings. 
Three modes of current, including direct current (DC), pulsed current (PC), and pulse reverse current (PRC) can be applied to fabricate Co-P electrodeposits [95, 98]. While a constant current (or occasionally a constant cell voltage) can be applied during DC electrodeposition, PC or PRC electrodeposition involves modulation of current or voltage, usually between two values. In PC electrodeposition, current/voltage changes between a positive value during the ton and zero during toff. When PRC electrodeposition is used, the current/voltage varies between positive/negative and zero values during the ton and toff periods, respectively [14, 31]. Fig. 4 schematically illustrates the current-time behaviour during DC, PC, SP, DP and PRC electrodeposition. 
 
[image: D:\reiview papers\Co-P\Figures & backstage\DC.tif][image: D:\reiview papers\Co-P\Figures & backstage\PC.tif][image: D:\reiview papers\Co-P\Figures & backstage\single pulse (SP).tif][image: D:\reiview papers\Co-P\Figures & backstage\double pulse (DP).tif][image: D:\reiview papers\Co-P\Figures & backstage\PRC-revised.tif]
Fig. 4. Schematic illustration of the current-time waveform applied during DC, PC, SP, DP and PRC electrodeposition. 
The mechanisms addressing how a change in the current mode affects the final properties of the deposits are treated in the next section.

3. Co-P alloy deposits   
3.1.  Morphological features 
The morphological characteristics of a coating, including morphology of the constituent particles, particle size, homogeneity, uniformity, density, and presence of macro/micro-defects incredibly affect its overall performance. There are four types of surface morphologies, such as spherical nodular (often termed as cauliflower morphology), globular, irregular polyhedron, and smooth (amorphous) morphologies observed for electrodeposited Co-P layers. The cauliflower morphology, as the typical characteristics of nanocrystalline films, is the common surface morphology of Co-P electrodeposits. In such a microstructure, each bump is composed of thousands of nanocrystals aggregation. During the growth of cauliflower morphology, the boundary rapidly encompasses the grains, followed by aggregating the grains in large colonies. In general, phosphorus content is the main factor governing the morphological properties of the Co-P electrodeposits [92, 97, 98, 100, 102, 104]. The mean crystallite size of the electrodeposited Co-P alloy layers depends enormously on the bath composition and operational factors, ranging from 1.5 to 31 nm [89-92, 94, 100, 101, 108]. 

3.1.1.  Electrolyte composition
A change in the electrolyte composition, including modifying the electrolyte composition in terms of salts' concentration and even stirring condition [108], variation in the concentration of salts [94, 101, 102, 125] in particular H3PO3 or NaH2PO2 as phosphorus source in the coating [70, 89, 91, 97, 103], and the incorporation of additives [92, 100] can tremendously alter the morphological properties of the Co-P electrodeposits. 
Modification of the Watts bath used for electrodeposition of Co-P by addition of a small amount of cobalt carbonate (CoCO3), air agitation and maintaining the concentration of CoSO4.7H2O and CoCl2.6H2O at the maximum value, leads to a stable bath enabling more uniform current distribution. The air-agitated bath guarantees the formation of a smooth and homogenous layer. The inclusion of CoCO3 not only supplies extra Co2+ concentration, but also helps to maintain a constant electrolyte pH. The other benefit of the added carbonate is its function as a buffer; in synergy with H3BO3, this improves bath stability [108].
Depending on how the concentration of the salts in the bath affects the morphological properties of the Co-P electrodeposits, published results can be divided into two classes: 
· Partial or no change in the surface condition. In this case, the evolution of morphology can be summarised as formation of smoother and brighter deposits with no change in particle morphology [89, 94, 103]. Moreover, Shadrov et al. [91] showed that an increase in concentration of NaH2PO2 in the range of 5–30 g L-1 had no influence on the crystallite size of the deposits. Fig. 5 illustrates a top FESEM view of Co-P coatings electrodeposited from various bathes containing 2 and 5 g L-1 NaH2PO2. There was no difference between the morphology of the deposits.  
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Fig. 5. The top FESEM view of Co-P coatings electrodeposited from various bathes containing (a) 2 and (b) 5 g L-1 NaH2PO2. 
· Noticeable change in the surface condition [97, 101, 102]. The nanocrystalline nodular morphology of the deposit transforms to amorphous with an increase in the H3PO3 or NaH2PO2 concentration. The increased phosphorus content provides a substrate for the larger nodules to be surrounded by smaller ones [97]. The homogenously formed grains over the surface of the electroplated layer were seen to disappear with an increase in the concentration of H3PO3 from 1 to  10 g/L [70]. In addition, a higher H3PO3 concentration led to a more compact layer [125].       
The use of electrolyte additives, such as sodium dodecyl sulfate (SDS) and saccharin as grain refiners can result in much smoother deposits. For example, the cauliflower morphology of the films electrodeposited from additive-free can change to a smooth surface following inclusion of additives, as seen in Fig. 6 [92].
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Fig. 6. Surface morphology of Co-P films electrodeposited from (a) additive-free and (b) additive-containing baths [92].
The introduction of surfactant, such as SDS can improve the deposit morphology by enhancing cathode wettability; the adsorbed surfactant can limit the attachment of hydrogen bubbles and provide a more hydrophilic surface, helping to eliminate micropores in the deposit. To achieve the best outcome, an optimum concentration of surfactants is needed in the bath [100, 126]. For example, Zeinali-Rad et al. [100] have proved that a smoother and more uniform Co-P layer is achieved with an increase in SDS surfactant concentration up to 1 g L-1. Further increase in the SDS concentration beyond this threshold showed no further improvement in deposit morphology.  

3.1.2. Electrolyte pH  
The influence of electrolyte pH on the morphology of the electrodeposited Co-P coatings is not sufficiently addressed in the literature. A change in electrolyte pH can alter the surface morphology, appearance, and grain size of the electrodeposits. Local increase in pH near the cathode surface, due to hydrogen evolution, can result in deposition of cobalt hydroxide and hydrated oxides. In order to minimize hydroxide formation in the deposit, especially in uncomplexed acid baths, it is important to maintain an adequate concentration of a pH buffer and provide sufficient electrolyte agitation and/or cathode movement. An increase in pH in the range of 1-4 varies the morphology of the particles from spherical to needle-like as well as darkening of the surface owing to the change in the preferred orientation of the deposits [100]. A slight decrease in pH leads to coarsening of grains [92]. Since the electrolyte pH markedly affects the current efficiency and phosphorus content of the Co-P films, detailed research is required to exactly specify the pH value leading to the desired deposit morphology. The effect of electrolyte temperature on the surface condition of Co-P deposits should also be treated in future works.    

3.1.3. Current density 
Current density is an important operational parameter in electrodeposition, as it allows precise control over morphology, chemical and phase composition, thickness, and final properties of electroplated coatings [127, 128]. Surprisingly, there is no comprehensive study on the influence of current density on the morphology of Co-P electrodeposits. It is reported that the size of the platelet-like particles in electroplated Co-P layers decreases with an increase in current density from 2 to 5 mA cm-2 [112]. The application of a higher current density is expected to make the overpotential more negative at the cathode, which lowers the nucleation energy, and leads to grain refinement [94, 129]. A more detailed understanding of the role of current density on electrode potential, hence nucleation and growth during electrocrystallisation of Co-P, is essential.     

3.1.4. Type of current control 
In contrast to current density, the influence of type of current control, including DC, PC, SP, DP and PRC on the morphological features of Co-P deposits is well treated in the literature. This parameter can substantially affect the morphology of Co-P electrodeposits. Several studies have revealed that the type of current control can only vary the grain size and has no influence on surface morphology and homogeneity of the layer [90, 108]. But, others have shown that deposit morphology, uniformity, roughness and the number of surface-related defects may also change [95, 97, 98, 104].
Li et al. [98] witnessed a remarkable change in the surface morphology of Co-P coatings under various current modes, where the electrodeposits under DC, PC, and PRC current modes showed spherical cluster, irregular polyhedron and smooth morphologies, respectively. They also revealed that the surface roughness of the PRC-electrodeposited films was about 10 times lower than that of DC-electrodeposited ones. The pulsed current interrupts normal crystallization and prevents the further growth of nuclei.  Protrusions and unsteady phases in the microstructure of the coating may be dissolved via an anodic current pulse during PRC electrodeposition, resulting in a smoother deposit surface.  
The electrodeposition of Co-P coatings during the application of PRC leads to favoured morphological features, since a smooth, compact, and defect-free layer is obtained. In addition, PC-electrodeposited films are characterized by a more compact surface with smaller grains than DC-electrodeposits. Consequently, PC can realise superior surface properties compared to DC. The reason why PC electrodeposition yields smaller grains is directly relates to the higher overpotential, which promotes the nucleation rate [95]. In the case of electrodeposited Co-P alloy coatings, the current mode efficiency often follows the order: PRC > PC > DC. There is no explanation rationalising such behavior in the literature.   
  
3.1.5. Duty cycle 
The duty cycle (d) is a significant parameter in PC-electrodeposition and can significantly affect the surface of electrodeposits. It is defined as follows [14]:
	
	(16)


Although a change in d had no obvious effect on the cauliflower-like morphology of Co-P electrodeposits, some needle-like strands could be generated with a decrease in d from 66 to 16% [96]. Developing applications of Co-P deposits as well as emerging new applications require careful control over morphological and microstructural properties; detailed future investigations dealing with determining the role of duty cycle and pulse frequency on these properties are critical.     

3.1.6. Post-heat treatment 
Heat treatment is often applied after electrodeposition to achieve better deposit properties and in-service performance. Heat treatment of Co-P films can result in (i) formation of a nanocrystalline microstructure and (ii) increased surface roughness [92, 95, 102]. For crystalline deposits, the mean grain size was not significantly affected by post-heat treatment, demonstrating the high thermal stability of the deposits [102]. On the other hand, some rounded particles are formed on the amorphous surface of the deposit during annealing;  the number and size of these particles increased at a higher annealing temperature [92]. During the annealing process, the elemental phosphorus dispersed throughout the alloy microstructure aggregates at grain boundaries, so Co-P compounds may form at these sites, improving the thermal stability of these deposits. On the other hand, the degraded elemental distribution due to phosphorus diffusion gives rise to an amorphous-crystalline transformation, which enhances surface roughness [95].  

3.2.  Microstructure; chemical and phase composition
The microstructure and atomic arrangement of Co-P electrodeposits can be effectively tailored by controlling their phosphorus content. While the deposits possessing higher than 5 wt.% P show an amorphous character, those containing less than 4 wt.% phosphorus are crystalline [89, 97]. However, the composition range at which this transition occurs is not precisely defined. In published results, the minimum phosphorus content for formation of amorphous structure is considered as 6 wt.% [94, 99, 102, 130] or 5 wt.% [83, 96, 108, 131]. A transition takes place, over a specified range of phosphorus, in which microstructure consists of both amorphous and crystalline material in a so-called "mixed amorphous+crystalline" or "hybrid" microstructure. The range of phosphorus content leading to the generation of such a microstructure is considered to be, e.g., 4-5 wt.% [89], 5.5-6.7 wt.%  [132] or 3-5 wt.% [73, 94]. In summary, an increase in the phosphorus content of deposits leads to a transition of crystalline structures to hybrid ones, followed by generation of amorphous material. The way in which increased phosphorus content leads to the formation of amorphous structure is attributed to a difference in the atomic radii of cobalt (0.12510 nm) and phosphorus (0.10600 nm). The codeposited phosphorus suppresses the nucleation and growth of crystalline cobalt. When the phosphorus content reaches a critical value, it completely prevents nucleation and growth, resulting in an amorphous structure [99, 133]. Different results on phase composition of crystalline Co-P films have been reported. While one study demonstrated that the XRD pattern consisted of two hcp-Co peaks at 2θ ≈ 41o and 47o [97], others have reported that peaks assigned to Co, CoP4, and Co2P are merged in the diffractograms [99, 125]. Vijayan et al. [132] have confirmed the absence of an equilibrium CoP2 phase in crystalline films, demonstrating that the hcp-Co is supersaturated in phosphorus. On the other hand, amorphous Co-P electrodeposits show only a broad peak at 2θ ≈ 44o-45o [89, 99, 102-104]. The position of the main hcp-Co peak slightly shifts toward higher 2θ values in deposits having an increased   phosphorus content. This is an indication of a decreased lattice d-spacing [89, 103]. The phase composition, peak positions, and preferred orientation in XRD patterns are very dependent on the phosphorus content. Fig. 7 shows the TEM micrographs and SADPs of Co-P films electrodeposited in the DC mode. The ‘spotty rings’, ‘mixed spotty rings + broad diffuse rings’, and ‘broad diffuse rings’ in the SADPs of Fig. 7a)-c) correspond to typical polycrystalline, hybrid, and amorphous microstructures, respectively.   
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Fig. 7. TEM micrographs and SADPs of electrodeposited Co-P films having various phosphorus contents: (a) less than 10 at.% (crystalline state), (b) 10-12.1 at.% (hybrid state), and (c) more than 12.1 at.% (amorphous state) [132]. 
3.2.1. Electrolyte composition 
In general, a higher concentration of phosphorus precursor in the bath leads to a greater phosphorus content in the Co-P electrodeposit [89, 97, 99, 104, 125].  Selvi et al. [104] have shown that codeposited phosphorus is uniformly distributed along the thickness of PC electrodeposited Co-10 wt.% P deposits. It is to be noted that the phosphorus content did not vary linearly with concentration of NaH2PO2 or H3PO3, where the accelerating rate of phosphorus codeposition at low NaH2PO2 or H3PO3 concentrations becomes slower with an increase in their concentrations in the bath [91, 103]. For instance, the phosphorus contents of Co-P coatings electrodeposited from baths containing 2.5 and 10 g L-1 NaH2PO2 were 11.6 and 13.7 at.%, respectively [103]. A tiny difference in the ratio of the partial current density of Co or P (jCo or jp) to the total current density (jT) for different loadings of NaH2PO2 can result in small changes in phosphorus content. 

    
3.2.2. Electrolyte pH and temperature 
Electrolyte pH and temperature led to a change in phosphorus content, preferred orientation, and intensity and width of emerged peaks [70, 77, 92, 94, 100, 134]. The increased bath pH value results in a decrease in phosphorus content of the coatings due to the diminished concentration of H+ ions at elevated pH. According to reactions (6)-(8), the presence of H+ ions is essential for reduction of H3PO3 to PH3 [70, 92, 94, 100]. In contrast, bath temperature is directly related to the phosphorus content of the films [70, 77]. The mechanism involved in an increased phosphorus content at higher bath temperature has not been clearly addressed. 
The preferred orientation of films changed from (001) to (100) as the pH increased over the range of 1-4. Changes in the deposit  texture coefficient with change in bath pH may lead to a change in the relative intensity of the peaks [100]. A decrease in pH from 2.6 to 1.6 resulted in disappearance of (100), (101), (200), and (201) growth planes. In this case, only the (002) plane  remained in the diffraction patterns [70]. As a result of the fall in pH, the increased phosphorus content leads to the formation of an amorphous structure [92].  
   
3.2.3. Current density 
Reported results on the influence of current density on the phosphorus content of the coatings are contradictory. While some studies have proven that the phosphorus content decreases at higher current density [70, 94],  others showed enhanced phosphorus content [77, 112]. The enhanced hydrogen reduction near the cathode, which leads to a rise in pH, at high current densities is responsible for a decrease in phosphorus content [94]. However, no mechanism was reported to explain the deposit composition in the latter case. 
A crystalline to amorphous transformation can take place if the phosphorus content of deposits increases with current density. Moreover, the (110) and (100) peaks corresponded to hcp-Co were reported to disappear with an increase in current density from 2 to 50 mA cm-2 [112]. 

3.2.4. Type of current control 
Contradictory results have been published regarding the effect of current mode on chemical and phase composition of Co-P electrodeposits. Ezhilselvi et al. [97] indicated that the phosphorus content of DC electrodeposited films at low concentration of NaH2PO2, i.e., 2 g L-1, is higher than PC electrodeposited ones. At higher concentrations, i.e., >5 g L-1, PC electrodeposited films had a higher phosphorus content. The higher phosphorus content of DC electroplated coating led to an additional fcc-Co peak at 2θ ≈ 44.2o as well as hcp-Co peaks at 41o and 46o, which are not observed in PC electroplated deposits. On the other hand, Selvi et al. [104] showed that the phosphorus content of coatings electrodeposited in the PC mode from a low NaH2PO2 concentration bath, i.e., 2 g L-1, was much higher than those fabricated using DC due to the fact that the toff period in PC electroplating allows to diffusion of H2PO2 anions toward the cathode via relaxation of the diffusion layer, leading to the enrichment of H2PO2 anions near the cathode. Interestingly, an equal phosphorus content in coatings electroplated under DC and PC conditions was reported by the same authors at higher NaH2PO2 concentrations. Other published results have reported that the type of current control had no noticeable influence on the chemical and phase composition of the deposits [90, 95, 108].
The current mode can alter the type of unit cell and preferred orientation; a comparison of current modes on the phase structure of Co-P coatings revealed that DC, PC, and PRC electrodeposits contained mixed fcc/hcp, hcp, and amorphous structures, respectively. Furthermore, the preferred orientation of films varied from (110) to (002) plane with a change in current mode from DC to PC control [98].  
    
3.2.5. Duty cycle 
Although there is no comprehensive work addressing the effect of duty cycle on chemical and phase composition of the Co-P deposits, published results showed that an increase in duty cycle from 50 to 66% caused no change in the phosphorus content [96]. 

3.2.6. Post-heat treatment   
The way in which post-heat treatment can affect the microstructure and phase composition of the Co-P electrodeposits greatly depends on the structure of the deposit. If the structure of as-deposited film is crystalline, the application of heat treatment may result in (i) a shift of the main peak toward lower angles and (ii) emerging new peaks assigned to intermetallics, such as Co2P and CoP, indicating the structural transformation from single phase solid solution (Co-P) to a mixture of Co2P and CoP phases. The generation of mentioned phases and segregation of phosphorus at grain boundaries reduce the content of dissolved phosphorus in the cobalt structure upon heat treatment [94, 100]. Fig. 8 shows XRD patterns of the Co-P deposit before and after heat treatment at 350 oC for 1 h. 
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Fig. 8. XRD patterns of Co-P electroplated layer (with 9-11wt.%) before and after heat treatment at 350 oC for 1 h [102]. 
Since the phosphorus atom is smaller than cobalt, the codeposition of phosphorus with cobalt can cause internal stress. The decreased content of codeposited phosphorus during  heat treatment can markedly diminish internal stresses, shifting the peaks to lower values [94, 100]. A higher degree of initial supersaturation of phosphorus at grain boundaries results in the preferential formation of Co2P at these sites. Some smaller precipitates can also form inside grains [132, 135]. Moreover, there is no change in the texture coefficient of crystalline Co-P deposits after heat treatment [102]. The main phase transformation in crystalline as-deposited samples upon heating is [132]: 
	hcp-Co → (fcc/hcp)-Co + Co2P
	(17)



For hybrid structures, the post-heat treatment slightly affects the phase structure so that peaks assigned to Co2P, CoP, and fcc-Co emerged after heat treatment over the temperature range of 350-500 oC [94, 132]. The reaction scheme of hybrid coating during the heat treatments is [132]:
	hcp-Co + amorphous Co-P → (fcc/hcp)-Co + Co2P
	(18)



An amorphous-crystalline transformation occurs when amorphous as-deposited samples are heat-treated [94, 95]. The heat treatment not only crystallizes the typical broad amorphous peak but also leads to the formation of sharp peaks corresponding to Co, CoP, and Co2P phases [89, 100, 102, 103, 132]. During heat treatment, the Co-P recrystallizes and phosphorus aggregates at grain boundaries, forming crystalline cobalt  [95]. Moreover, a CoO peak can also be observed in the phase structure of the heat-treated films due to oxidation of the coating [96, 102]. The reaction during phase transformation may be shown as [132]:
	amorphous Co-P → (fcc/hcp)-Co + Co2P
	(19)



Whether the post-heat treatment enlarges the grain size depends on temperature. The heat-treated samples at 400 oC shows no grain coarsening, while a considerable increase in grain size of those treated at higher temperatures is reported [92, 132]. The excellent thermal stability of films that avoids the grain coarsening at temperatures up to 400 oC, due to intermediates formed at cobalt grain boundaries [94, 100].    
The post-heat treatment temperature determines if hcp-fcc allotropic phase transformation takes place. There is no allotropic phase transformation in samples heat treated at 400 oC [92, 95]. The reported temperature at which the transformation occurs varies in the literature. While some results show that the allotropic transformation temperature is 417 oC [89, 95, 103], others reported that the transformation initiates in the range of 400-460 oC [136, 137]. At this temperature, the enhanced interatomic distance reduces the energy needed for nucleation of fcc-Co, therefore favours the formation of fcc-Co phase [138]. The fcc-Co peak is more prominent at temperatures above the mentioned range and its intensity increases at higher temperature so that the hcp-Co phase disappeared at 750 oC [93, 136].
The heat treatment for various durations in the range of 10-180 min neither changes phase structure nor grain size of the deposits. The latter case is an indication of the high thermal stability of Co-P electrodeposits [92]. The deposit microstructure is slightly affected by prolonged heat treatment; a bimodal microstructure containing some abnormally grown grains is formed with an increase in heat treatment time from 10 to 15 min (see Fig. 9) [137].
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Fig. 9. TEM images of (a) an as-deposited Co-P surface, (b) a deposit after heat treatment at 460 oC for 10 min, and (c) a deposit after heat treatment at 460 oC for 15 min [137].

3.3.  Mechanical properties   
3.3.1. Electrolyte composition 
The mechanical properties of Co-P electrodeposits, including microhardness, interfacial strength, and elastic modulus are highly affected by bath composition, in particular the concentration of the phosphorus precursor. Microhardness is an important characteristic of a deposit, particularly in tribological applications [89, 103, 104, 125, 131, 139]. 
In general, the microhardness of Co deposits is increased by the inclusion of phosphorus as an alloying element. The microhardness of Co-P deposits rises at a higher phosphorus content of the coatings due to solid solution hardening and Hall-Petch strengthening  [139]. On the other hand, the codeposited phosphorus can degrade the fracture toughness of Co films. A higher level of codeposited phosphorus results in smaller grains, increasing microhardness through Hall-Petch strengthening. Overall, it has been reported that the microhardness of Co-P deposits is linearly related to concentration of NaH2PO2 in the range of 2-10 g L-1 [103, 104]. However, Bera et al. [89] showed that the microhardness improved as the NaH2PO2 concentration rose, up to a concentration of 5 g L-1, followed by a slight fall off as the concentration is increased to 10 g L-1. The lower phosphorus content in deposits from a bath concentration of 10 g L-1 NaH2PO2 is the main reason for decreased microhardness in the latter case. Fig. 10 illustrates the microhardness of Co-P electrodeposits fabricated at various NaH2PO2 concentrations.
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Fig. 10. Microhardness of Co-P electrodeposits fabricated at various NaH2PO2 concentrations.
An adequate interfacial strength significantly avoids the cracking, peeling off, and delamination of the deposited film due to the generated stresses during the fabrication process, handling, and service condition [140, 141]. The interfacial strength between Co-P top deposit and substrate is enhanced at a higher phosphoric acid concentration in the bath since the higher codeposited phosphorus content leads to higher compressive residual stresses. The enhanced compressive residual stresses can crucially give rise to interfacial strength and help to prevent fatigue cracks [131]. In marked contrast, Lu et al. [125] have demonstrated that the interfacial strength of amorphous Co-P deposits is much lower than crystalline ones but the underlying mechanism was not addressed. The authors also showed that the elastic modulus of crystalline film is about 15% higher than an amorphous one. 
  
3.3.2. Electrolyte pH 
An increase in electrolyte pH adversely affect the microhardness of the Co-P deposits since it decreases the phosphorus content and enlarges the grain size [94, 100]. For example, the microhardness of DC electrodeposited Co-P films from a chloride bath falls from 670 to 550 HV with an increase in pH in the range of 1-4 [94]. 

3.3.3. Current density 
The way current density changes the microhardness of Co-P deposits is related to variation in their phosphorus content. For crystalline deposits, the microhardness increases at a higher current density, followed by a decrease. Such behavior can be attributed to the change in grain size of the deposits, where an increase in current density up to a threshold refines the grains due to the cathodic overpotential that diminishes the nucleation energy. A further increase in current density leads to oxygen reduction, which lowers the current efficiency; the rapid consumption of ions at the surface of cathode, due to a limited rate of mass transport, results in concentration polarization leading to enlarged grains. In summary, a change in grain size is responsible for the variation in microhardness across a range of current density in crystalline deposits [94, 142, 143]. 
For amorphous films, the higher the current density leads to a degraded microhardness due to the decreased solid solution hardening effect as a result of lower phosphorus content [94]. 
 
3.3.4. Type of current control
A change in the mode of current control allows a higher microhardness to be achieved in Co-P deposits. The microhardness of Co-P electrodeposits improving in the sequence: DC<PC< PRC. Three factors control the microhardness in various current modes: (i) grain size (Hall-Petch effect) [95, 98, 108], (ii) phosphorus content [98, 104] and (iii) a change in structure [98]. The instantaneous current densities during the PC electrodeposition enable negative potentials. The negative potential act in synergy with high peak current density to provide rapid nucleation rate, refining the grain size [103]. The microhardness of Co-P electrodeposits under different current modes is summarised in Table 2.
Table 2. The microhardness of Co-P electrodeposited in different current modes.
	Type of current control
	Bath type
	Phosphorus content/ wt.%
	Crystallite size/ nm
	Microhardness/ HV
	Ref.

	DC
	Watts
	---
	---
	675
	[95]

	SP
	
	
	
	694
	

	DP
	
	
	
	706
	

	DC
	Watts
	1-2 wt.%
	17-20±2
	550±10
	[108]

	PC
	
	---
	8.5-10±1
	600±25
	

	DC
	Chloride
	1.3 wt.%
	24.6
	430
	[98]

	PC
	
	3.4 wt.%
	15.7
	506
	

	PRC
	
	12 wt.% 
	---
	665
	

	DC
	Sulfamate 
	2
	---
	540
	[104]

	PC
	
	7
	
	590
	



 
3.3.5. Post-heat treatment
As a general note, the microhardness of Co-P electrodeposits is markedly increased by the application of post-heat treatment due to precipitation hardening. However, the degree of enhancement greatly depends on the structure of the deposit together with the time and temperature during the heat treatment [89, 92, 95, 96, 102, 103, 108]. 
Post-annealing can result in precipitation of cobalt-phosphides, including CoP and CoP2, from supersaturated solutions. The generation of the precipitates are responsible for enhanced microhardness of crystalline deposits after heat treatment [95, 102]. For amorphous films, a nanocrystalline structure is formed after heat treatment leading to an enhanced microhardness through Hall-Petch effect [89, 103]. The higher phosphorus content of amorphous deposits favours the formation of Co-P precipitates during heat treatment, resulting in a greater increase in microhardness compared to crystalline ones [102].  
There is an optimum temperature to achieve the highest microhardness during annealing. While Chen et al. [95] showed a direct relationship between microhardness and annealing temperature in the range of 200-400 oC, Kosta et al. [92] found that the highest microhardness of heat-treated Co-P films was achieved at 400 oC. A lowered microhardness at elevated temperatures is attributable to recrystallization and an enlarged particle size [92, 96].
The microhardness of deposits heat-treated  at 400 oC for times in the range 0-30 min, reaches a maximum after 10 min due to the presence of phosphorus in the film after a short annealing time [139]. Further studies need to address this behavior in detail. 
In contrast to Co-P electrodeposits, the microhardness of hard chromium deposits markedly falls after annealing due to recrystallization; microhardness is reported to fall from ≈1000 to 270 HV after heat treatment at 600 oC [89, 103]. The reported microhardness of heat-treated Co-P deposits are in the range: 942-958 HV [89], 900-1180 HV [102], 1181-1211 HV [95] and 890-1005 HV [103], which is comparable with that of hard chromium. 

3.4. Tribological performance 
3.4.1. Electrolyte composition
Although the Co-P electrodeposits are shown as a promising alternative to hard chromium deposits in particular for tribological applications, there is no sufficient data on tribological behavior of these films in the literature. Tribology encompasses the study of wear, friction, and lubrication. Wear is defined as the deformation or removal of surface materials as a result of interaction between two or more surfaces [144]. The concentration of chemicals in the bath, especially the phosphorus precursors, has a central effect on the tribological performance of the Co-P deposits. In general, the wear resistance of Co-P electrodeposits improves in the sequence of amorphous, crystalline, and hybrid. The phosphorus content of the deposits not only alters the wear rate and coefficient of friction (COF), but also changes the wear mechanism. The adhesive wear mechanism of crystalline films varies to a mixed abrasive + oxidation mechanism with increase in phosphorus content from 2.1 to 9.5 wt.%. While the generated debris in the microstructure of amorphous films act as an abrasive material and increases the wear volume loss, there is no debris in crystalline deposits resulting in lower COF. The combined effect of high hardness and ductility is responsible for superior tribological performance of Co-P deposits with hybrid structure [94, 145]. The enhanced compressive residual stresses originated from the higher content of codeposited phosphorus is another factor degrading the wear resistance of the amorphous films [131].          
3.4.2. Type of current control 
The type of current control can alter the tribological properties of the Co-P deposits by affecting (i) phosphorus content, (ii) surface roughness, (iii) structure, and (iv) the crystalline unit cell. The PRC electrodeposited films show the best tribological performance arising from their smoother surface, higher microhardness, amorphous structure, and hcp unit cell [95, 98]. According to the Archard's law, a higher microhardness leads to a superior tribological behavior [146, 147]. Also, the hcp-Co based deposits exhibit better tribological properties than those with fcc and mixed hcp/fcc-Co [148, 149]. Moreover, a change in current mode from DC to PC can vary the wear mechanism from adhesive to mixed adhesive and abrasive behaviour. Table 3 outlines the most favourable tribological properties of the as-deposited Co-P coatings.
Table 3. The most favourable tribological properties of the as-deposited Co-P coatings.
	Type of current mode
	Phosphorus content/ wt.%
	Wear test condition
	Lowest reported COF
	Lowest reported wear rate/ mm3 N-1 m-1
	Ref.

	DC
	2.1-9.5
	Al2O3 ball, A load of 4 N, sliding speed of 0.5 m s-1
	0.6
	1.025×10-4
	[94]

	DC, SP, DP
	8.9-9.6
	Si3N4 ball, A load of 5 N, frequency of 5 Hz
	---
	4.51×10-6
	[95]

	DC, PC, PRC
	1.3-12
	AS14 ball, with a load of 2 N; frequency of 5 Hz, at 25 oC
	0.48
	3×10-6
	[98]


 

3.4.3. Post-heat treatment 
The influence of post-annealing highly depends on the structure of the as-deposited Co-P coatings. In general, crystalline coatings are obtained after heat treatment of amorphous, hybrid, and crystalline Co-P films. Reported results on the influence of post-annealing on the tribological behavior of the amorphous deposits are contradictory. While Barzegar et al. [94] have showed a considerable improvement in wear resistance of amorphous film heat-treated at 400 oC due to (i) the formation of a more ductile hcp-Co structure, (ii) enhanced microhardness arose from generation of CoP and CoP2 hard phases, and (iii) change in wear mechanism from mixed oxidation and three-body abrasive to two-body abrasive, Chen et al. [95] have shown that the wear rate of the amorphous films slightly increases after post-annealing at 400 oC. There are two factors involved in wear resistance decrement in amorphous deposits after heat treatment, (i) The higher atomic volume fraction in crystalline films than amorphous ones, experienced more severe tensile stress, resulting in faster nucleation and propagation of the microcracks. This can markedly enhance the wear rate during the wear test [150] and (ii) the crystalline structure favours the formation of hard Co-P compounds during the post-annealing, rather than plastic deformation. These compounds give rise to abrasive wear, degrading the wear resistance [95]. 
For crystalline and hybrid deposits, the enhanced microhardness after annealing leads to a decrease in COF and wear rate. However, the post-annealing did not alter the wear mechanism in these cases [94].
 
3.5.  Corrosion behavior 
3.5.1. Electrolyte composition
A change in concentration of phosphorus source markedly affect the corrosion resistance of Co-P deposits through changing their (i) phosphorus content, (ii) surface condition, e.g., compactness and roughness, and (iii) residual stress value [97, 101, 131, 139, 151]. Reported results on the effect of phosphorus source concentration on the corrosion behavior of the deposits are contradictory. While some results have exhibited that the corrosion resistance of the films linearly enhanced with increase in phosphorus content [97, 101],  others have shown that there is an optimum concentration for the phosphorus source in the bath [104, 131]. A higher compressive residual stress and inappropriate surface condition, i.e., heterogeneous surface and nodules (protrusions) as suitable sites that underwent corrosion attacks are two major parameters leading to a degraded corrosion performance at higher phosphorus concentrations [104, 131]. Fig. 11 shows the post-corrosion morphology of DC electrodeposited Co-P films with various phosphorus content. While an uniform corrosion was occurred over the surface of Co-9 wt.%P  in Fig. 11a), a nodular structure with some pits is seen in coatings with a higher phosphorus content in Fig. 11b). 
 [image: C:\Users\Dafe  Computer  Co\Desktop\Fig. 8-a.tif][image: C:\Users\Dafe  Computer  Co\Desktop\Fig. 8-b.tif]
Fig. 11. The post-corrosion morphology of Co-P electrodeposits with various phosphorus content: (a) 9 wt.% and (b) 10 wt.% [104]. 
The way enhanced phosphorus content promotes the corrosion resistance is attributed to the crystalline-amorphous transition. The tendency for amorphous films to form passive film can contribute to the superior corrosion performance of amorphous films [83, 97, 101, 104]. The formation of a passive film can avoid corrosion occurrence since the preferential dissolution of Co-P enriches the phosphorus over the surface. The enriched phosphorus can react with water to form  anions, which inhibit the electrochemical connection between water and electrode surface. Therefore, the anodic dissolution kinetics of cobalt are noticeably are decreased [104, 152].
The codeposited phosphorus can also enhance the rate of cathodic reactions and H2 evolution. In crystalline deposits, the presence of a high number of grain boundaries, as desirable sites for corrosion attacks may degrade their corrosion behavior. Severe corrosion occurred around nodules in the crystalline films [101]. 
The type of corrosive media can alter the corrosion behavior of Co-P deposits. In contrast to H2SO4 acidic media, an active-passive behavior is seen in alkaline NaOH, where phosphorus atoms play a different role, impeding formation of a passive film by blocking adsorption of hydroxyl ions [101]. 
              
3.5.2. Type of current control 
In general, PRC electrodeposited Co-P films show the best corrosion protection performance, followed by PC and DC ones. (i) a higher codeposited phosphorus content, which forms a barrier layer comprised of hypophosphite anions and (ii) superior surface condition are factors involved in the better corrosion behavior of PRC electrodeposited films. However, the prominent role of latter is highlighted in the literature. The formation of a smooth, compact, homogenous, and defect-free deposit leads to an enhanced corrosion resistance [95, 97, 98, 104, 108]. For instance, Ezhilselvi et al. [97] have shown that, despite the DC electroplated Co-P film having a higher phosphorus content than that fabricated under PC control, the latter exhibited superior corrosion resistance due to the better surface characteristics. The most favourable corrosion parameters of Co-P alloy films are listed in Table 4.  
Table 4. A list of the most favourable corrosion parameters of Co-P alloy films. Rct and Rp are charge transfer resistance and polarization resistance obtained from electrochemical impedance spectroscopy (EIS) and Stern-Geary equation, respectively. Ecorr, jcorr, and Crate are corrosion potential, corrosion current density and corrosion rate, respectively.   
	Applied current mode(s)
	Corrosive medium
	P content range/ wt.%
	Highest reported Rct
/kΩ cm2
	Highest reported Ecorr/
mV
	Lowest reported jcorr/
µA cm-2
	Highest reported Rp/
kΩ cm2 
	Lowest reported Crate/
mm yr-1
	Ref.

	DC
	deaerated 3.56 wt.% NaCl solution;
	0-10
	---
	-400
	2.5
	---
	1
	[131]

	DC, PC
	non- deaerated 3.5 wt.% NaCl, pH=6
	2.5-11.2
	45.8
	-386
	0.5
	25.6
	---
	[97]

	DC, PC
	3.5 wt.% NaCl, 25 oC
	1-3
	---
	-452
	0.25
	36.9
	---
	[108]

	DC, PC, PRC
	3.5 wt.% NaCl, 20±2 oC; 
	1.3-12
	63.7
	-390
	0.18
	---
	---
	[98]

	PC
	aerated 3.5 wt.% NaCl, 20±2 oC; 
	1
	---
	-459
	0.60
	36.9
	6×10-6
	[92]

	DC, PC
	non- deaerated 3.5 wt.% NaCl, pH = 6.7
	2-10
	12.3
	-451
	0.8
	16.7
	9×10-6
	[104]

	DC
	0.1 M H2SO4, pH = 1, 25 oC & 10 wt.% NaOH, pH = 14
	1-11 
	---
	-333
	9
	---
	---
	[101]




3.5.3. Post-heat treatment
Overall, the corrosion performance of the Co-P coatings degrades with the application of post-annealing. (i) Cracking of CoP layer [108], (ii) separation of elemental phosphorus to grain boundaries, followed by generation of phosphide phases leading to a non-uniform surface [101], and (iii) separation and coarsening of phosphide phases formed during the heat treatment, which degrade the integrity of the coating [92, 108] are the factors deteriorate the corrosion behavior of the deposits after post-heat treatment. The Co-P compounds not only degrade the homogeneity of the surface, but also form microcells with cobalt resulting in a decreased corrosion resistance [95]. Kosta et al. [92] have reported that the polarization resistance of Co-1 wt.%P coatings decreased by 35 kΩ after annealing at 400 oC for 10 min. The corroded morphology of the films indicated that more localized attack took place in annealed films than in as-deposited ones.   
The decrease in corrosion resistance is markedly dependent on the (i) phosphorus content of the as-deposit film and (ii) temperature of the annealing process. The corrosion performance of amorphous as-deposited films is affected much more by post-heat treatment due to their higher phosphorus content. The depletion of phosphorus in the amorphous films may hinder the generation of passive film [101]. A more pronounced decrease in corrosion resistance of Co-P deposits is reported by annealing the films at 400 oC compared to 300 oC where no Co-P compounds were formed [95]. Emphasis should be placed on the composition of passive films formed over the surface of the Co-P coatings and its effect on the rate and type of corrosion in future studies.

4. Particle-reinforced Co-P deposits 
4.1.  Background 
Composites are a class of materials that are fabricated by combining materials of various properties and shapes to provide new properties, which each constituent lacks individually [14, 153, 154]. Composite coatings emerged in the 1920s with noticeable developments during the 1960s and 1970s. The principle driving force behind the development of composite coatings was to simultaneously attain superior performance, such as improved wear and corrosion resistance. The codeposition of an insoluble, second phase material provides a reliable strategy to produce high performance coatings. The shape and type of included reinforcing agents are various, including fiber, particle, nanowires, nanotubes, ceramic, metallic, polymer, etc. so that they are selected according to their targeted properties and the application [15, 31, 128, 155-157]. Apart from their chemical composition, the benefits of included particles are also likely to depend on their composition and degree of dispersion. Often, an increase in the particle content is sought while maintaining their uniform distribution. Fig. 12 schematically shows the five-stages involved in codeposition of particles and metal during composite electroplating. 
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Fig. 12. Schematic illustration of the five-steps involved during the inclusion of particles in the metal matrix during composite electroplating. 
A survey of the literature reveals that both organic and inorganic reinforcing agents have been employed for strengthening the Co-P alloy electrodeposits, such as TiO2, CNT, and MoS2. In this section, the effect of included particle(s) on overall characteristics of electroplated Co-P films are addressed. The influence of operational parameters, such as post-annealing, current density, and current mode on the final properties of the composite coatings is described.    
   
4.2.  Co-P-CNTs
Carbon nanotubes (CNTs) have attracted much attention due to their superior mechanical properties (including tensile flexural strength and elastic modulus), low density, high surface area and favourable tribocorrosion performance. CNTs remain topical, yet expensive; they provide structurally unidirectional roll-ups of 2-D carbon having radically different properties to graphite or polycrystalline carbon. Such properties have rendered them a desirable reinforcing agent for laboratory research into strengthening metallic and ceramic systems. In spite of their  benefits, the successful application of CNTs as reinforcing agents faces  problems due to the difficulty in wetting such hydrophobic surfaces by an aqueous electrolyte then maintaining an effective dispersion of particles in the bath. Agglomeration of particles in the bath can easily arise due to strong van der Waals interactions [158-161]. To overcome this challenge, polyacrylic acid can be added to the electrolyte, which acts in synergy with magnetic stirring, leading to a homogenous CNTs dispersion throughout the electrolyte. Co-P-CNTs composite coatings have been electroplated from the Watts bath under PC current control [84, 113]. 
The included CNTs cause little change in the cauliflower-like morphology of Co-P alloy coatings. The included CNTs aligned longitudinally and transversely with the alloy matrix. In addition, the composite deposits seem brighter than alloy ones  [84, 113]. The phase composition of the amorphous Co-P alloy films with various phosphorus content did not alter after inclusion of the CNTs but annealing led to an amorphous-crystalline transformation in the composite coatings [84].
Although the included CNTs makr a negligible contribution to the microhardness of the alloy deposits, application of post-heat treatment significantly enhances hardness due to the generation of the dispersed, hard Co2P phase [84]. In contrast to microhardness, the tribological performance of the alloy coatings considerably improves with the incorporation of CNTs owing to (i) self-lubricating characteristics of the CNTs and (ii) restricted plastic deformation of the coatings arose from uniform dispersion of hard and tough CNTs through the alloy matrix. The degree of improvement with CNTs embedment depends on the orientation of CNTs in the alloy matrix, where the longitudinal alignment of included CNTs yields the best outcome due to the preferential rolling of CNTs between the deposit and counterpart together with buckling of CNTs along the sliding direction. The wear mechanism did not change on inclusion of CNTs. Co-P-CNTs composite deposits show frictional anisotropy, which should be taken into consideration when using them in industrial applications [113, 162].
The corrosion protection of Co-P electrodeposits can markedly degrade when CNTs are incorporated, due to the generation of microgalvanic cells, in which the Co-P alloy matrix and CNTs serve as microanode and cathode, respectively. There was no change in mechanism of passive film formation with codeposition of CNTs, where enriched phosphorus reacts with water to generate a layer consisted of hypophosphite anions [84]. In contrast to published results addressing the effect on CNTs on corrosion performance of the electroplated Co-P, it has been shown that the hydrophobic nature of the CNTs can restrain contact between the aqueous corrosive media and the deposit surface,  improving the corrosion resistance [159]. More detailed studies are needed to clearly determine whether included CNTs adversely affect the corrosion behavior of Co-P films.            

4.3.  Co-P-TiO2
TiO2 is a white ceramic, which has been extensively used as a reinforcement in electroplated composite coatings due to its outstanding stability, optical characteristics mechanical properties and corrosion resistance. However, the physicochemical characteristics of this ceramic greatly depend on its crystal structure, morphology, surface area, microporosity and size [163-166].
In TiO2-reinforced Co-P films, TiO2 can be introduced to the Watts bath in particulate or sol form. Sol formation is a classical approach in coatings technology. For example, a TiO2 sol can be formed by dissolving tetrabutylorthotitanate in a mixture of diethanolamine and ethanol, followed by hydrolysis on addition of a mixture of deionized water and ethanol under stirring  [114-117]; sol-gel technology being a well-established approach to formation of TiO2 and related nanostructures [167, 168]. 
· Effect of TiO2 incorporation 
The surface morphology of Co-P films are independent of the included TiO2 phase so that the included particles can only refine and increase the smoothness of the surface film if a suitable concentration of particles is added. Large clusters can form, due to aggregation, when a higher concentration of TiO2 is incorporated [115, 117]. 
Irrespective of the form of included TiO2, there is an optimum concentration that results in the best tribomechanical and corrosion properties. The enhanced microhardness in the presence of included TiO2 is mainly attributed to dispersion hardening, i.e., Orowan strengthening, due to the presence of closely dispersed nanoparticles that restrict grain boundary mobility. The agglomeration of the included particles at higher particle concentration degrades the microhardness so that the microhardness of the composite deposit is less than that of the particle-free alloy coating [115, 117].  
Since the wear rate of a material is inversely proportional to its microhardness, a similar trend is reported for wear resistance [115, 117, 169]. Wang et al. [115] have reported that the COF of Co-P films against a mild steel counterbody decreased by 0.11 with inclusion of 12.5 mL L-1 TiO2, followed by an increment in COF by 0.12 when 50 mL L-1 TiO2 was incorporated. Moreover, the wear mechanism can vary from adhesive to abrasive with the introduction of TiO2 particles to the alloy film [117]. 
The corrosion resistance of Co-P deposits profoundly improves with codeposition of TiO2 particles, provided that they are homogenously dispersed over the alloy matrix since they embedded particles fill the micro-holes and smooth the surface. The generated heterogeneities and porosities when incorporating higher concentrations of the particles can substantially degrade the corrosion behavior of composite deposits [115, 117].        
· Effect of processing parameters  
 The application of post-annealing causes an amorphous-crystalline transformation in Co-P-TiO2 films at temperatures above 250 oC. While heat treatment at 250 oC has no obvious influence on surface morphology of the composite coatings, a rise in heating temperature up to 350 oC remarkably refines the particles and smoothens the surface. The samples heat-treated at 350 oC exhibit the best tribomechanical performance among those treated in the range of 250-400 oC. This is ascribed to the formation of an appropriate content of Co-P compounds in the structure of the coating. The higher microhardness of this coating guarantees its superior wear resistance. The reason why heat treatment at 400 oC degrades the tribomechanical properties is attributed to the full transformation of amorphous structure into crystalline, which has higher tensile stress facilitating to formation of holes and cracks during the wear test. The application of post-heat treatment rises the corrosion behavior of the Co-P-TiO2, irrespective of the temperature. However, the best results was obtained by heat treatment at 350 oC since it yields a more compact and smoother surface [114]. The type of current control has no marked influence on the phase composition of Co-P-TiO2 electrodeposits. While DC and PC electroplated films exhibited a similar nodular surface morphology, the application of PRC yields a different morphology since the growing deposit dissolves in the bath to a specific amount, which forms an ion-enriched layer at the electrode/electrolyte interface altering the deposition kinetics. The tribomechanical properties of the composite films follows the order of PC>DC>PRC. The lower thickness of films electroplated under PRC is responsible for their poor tribomechanical performance since the soft substrate affects microhardness. On the other hand, a high content of the included particles when using PC mode promotes the tribomechanical performance of the coatings. In contrast to tribomechanical behavior, the PRC electrodeposited composite films exhibited the highest corrosion resistance due to their compact and smooth surface [116].  
    
4.4.  Co-P-MoS2
MoS2 is a layered material, which have found great applications in the tribological coatings as solid lubricant. The addition of MoS2 strikingly decreases the COF due to its lubricating characteristics originated from the lamellar structure and basal planes. The COF value of MoS2 in vacuum and humid air is 0.1 and 0.3, respectively. Facile shearing of the weak van der Waals bonds between the layers guarantees a low COF of MoS2 against many counterbody materials [170-175].  
The included MoS2 particles led to a more compact surface provided an optimum concentration of particles is added. While the applied current density controls the content of codeposited MoS2 particles, it has no influence on the phase structure. The modified surface characteristics as well as Orowan mechanism are responsible for enhancement of microhardness on inclusion of MoS2 particles. There are two general factors, (i) enhanced microhardness and (ii) generation of a lubricating tribolayer promoting the tribological performance of the Co-P with codeposited MoS2. The way in which current density affects the tribomechanical properties depends on its effect on the content of included MoS2, where a superior performance was obtained with a higher loading of included MoS2 [176]. The worn surface morphology of DC electroplated Co-P and Co-P-MoS2 films at 25 A dm-2 are indicated in Fig. 13. The formation of a tribolayer is obvious in Fig. 13b). 
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Fig. 13. The worn surface morphology of electroplated (a) Co-P and (b) Co-P-MoS2 layers. The wear test was carried out using an alumina ball under a vertical load of 10 N [176].

4.5.  Duplex particles  
The driving force for duplex particle-reinforced composite coatings is based on the combined benefits of two or more reinforcing phases. The inclusions can be ceramic, polymer, or a ceramic/polymer mixture [177, 178]. For instance, it is possible to enhance the tribological performance of a metallic coating by incorporating a solid lubricant, such as WS2, with a hard material, such as Al2O3. While the former can contribute to the wear resistance via lubricating the surface, the latter improves such a property according to Archard's law.
Safavi et al. [179] have noted a marked improvement in the Rct of electroplated Co-P coatings, by ≈8 times, with incorporation of Y2O3 and MoS2 into the deposit, due to (i) changing the type of corrosion from localized to uniform, (ii) improving surface characteristics via eliminating the nano-voids and nano-holes, and (iii) providing physical barriers against the corrosive medium. To achieve the best outcome, the particle concentration in the bath and applied current density should be adjusted to provide the highest content of included particles with a homogenous distribution in the alloy matrix. 
The most favourable tribomechanical and corrosion properties of particle-reinforced Co-P composite electrodeposits are outlined in Table 5 and Table 6, respectively. 
Table 5. The most favourable tribomechanical properties of the particle(s)-reinforced Co-P composite electrodeposits. 
	Coating type
	Particle concentration in the bath
	Current mode
	Heat treatment conditions
	Microhardness test conditions
	Wear test condition
	Highest reported microhardness/ HV
	 Lowest COF
	 Lowest wear rate/ mm3 m-1
	Ref.

	Co-P-CNT
	0.250×10-3 g L-1
	PC
	350 oC for 30 min
	Vickers indenter at a load of 200 g for 15 s
	---
	998
	---
	---
	[84] 

	Co-P-CNT
	2.50×10-3 g L-1
	PC
	---
	---
	Hardened GCr15 steel, Vertical loads of 5 and 10 N
	---
	---
	4×10-3
	[113]

	Co-P-TiO2
	0-50 mL L-1
	DC
	---
	Vickers indenter at a load of 50 g for 15 s
	Steel ball at a load of 5 N, sliding speed of 30 mm s-1
	726
	0.31
	---
	[115] 

	Co-P-TiO2
	1 g L-1
	DC
	250-400 oC for 30 min
	Vickers indenter at a load of 50 g for 15 s 
	Steel ball at a load of 7 N
	1212
	0.34
	---
	[114]

	Co-P-TiO2 
	12.5 mL L-1
	DC, PC, PRC
	---
	Vickers indenter at a load of 50 g for 15 s 
	Steel ball at a load of 7 N 
	780
	0.31 
	---
	[116]

	Co-P-TiO2 
	0-5 g L-1
	DC
	---
	Vickers indenter at a load of 50 g for 15 s 
	Steel ball at a load of 7 N 
	685
	0.44
	---
	[117]

	Co-P-MoS2
	0-20 g L-1
	DC
	--- 
	Vickers indenter at a load of 100 g for 20 s
	Alumina ball at a load of 10 N, sliding speed of 0.1 m s-1, 25±2 oC, humidity of 35%
	650
	0.41
	---
	[176]




Table 6. The most favourable corrosion properties of particle-reinforced Co-P composite electrodeposits. Rct: charge transfer area resistance; jcorr: corrosion current density; Ecorr: corrosion potential; dx/dt: mean penetration rate during corrosion. 
	Coating type
	Particle concentration in the bath
	Current mode
	Corrosive medium
	 jcor of alloy film/ µA cm-2 
	Lowest reported jcorr/ µA cm-2 (composite film)
	 Highest reported Ecorr/ mV
	 Highest reported Rct/ kΩ cm2
	 Lowest reported dx/dt/ mm yr-1
	Ref.

	Co-P-CNT
	0.250×10-3 g L-1 
	PC
	3.5 wt.% NaCl, 25 oC
	1.3
	21.4305
	-743.56
	---
	0.2434
	[84]

	Co-P-TiO2
	0-50 mL L-1 
	DC
	3.5 wt.% NaCl 
	2.6
	1.21
	-203
	46.8
	0.010
	[115]

	Co-P-TiO2
	12.5 mL L-1
	DC, PC, PRC 
	3.5 wt.% NaCl 
	---
	1.25
	-280
	46.49
	0.011
	[116]

	Co-P-TiO2
	0-5 g L-1 
	DC 
	3.5 wt.% NaCl 
	3.96
	1.386
	-234
	 28.09
	0.015
	[117]

	Co-P-MoS2-Y2O3
	2-6 g L-1
	DC
	3.5 wt.% NaCl, 25 oC
	25.3
	3.9
	-290
	18.11
	---
	[179]


  

5. Applications 
Chromium deposits have been widely used in a variety of industrial and decorative applications, such as automotive, molds, dies, pistons, oilfield, construction, hand tools, bicycles, metal furniture, plumbing fixtures, etc. The automotive chromium finishing market is estimated to surpass US$ 4.5 billion by 2027 [180]. Since Co-P based coatings show favourable tribomechanical and corrosion performance, they hold promise as tribological and protective coatings for replacement for ‘hard chromium’ deposits in selective applications. Besides, the superior magnetic properties of these films can open up new perspectives in their industrial applications. It is anticipated that hard chromium deposits will hold a decreasing share of the market in the near future due to their rapid, progressive replacement by other surface finishing processes. Co-P based electrodeposits could occupy a significant fraction of the US$18.6 billion electroplating market in 2025. The ability to deposit Co-P on a variety of substrates, including steel, copper and brass can further broaden its applications [44, 181, 182]. 
    
5.1.  Corrosion protection
Co-P based alloy and composite coatings possess high corrosion resistance, where a low mean penetration rate of approx. 0.010-0.015 mm/year in a 3.5 wt.% NaCl corrosive solution at 25 oC has been reported for Co-P based composite coatings [115, 117]. Results of a comparative study confirmed that Co-P electrodeposits showed ≈1.5 times higher Rp values than a hard chromium deposit in 3.5% NaCl at 25 oC. Co-P also showed a much better corrosion resistance than hard chromium during salt spray testing at 25 oC. Co-P electrodeposits are suitable substitutes for hard chromium as corrosion protective layers in various environments due to their compact and crack-free microstructure [93]. It is well accepted that the environmental factors, such as dust, humidity, aerosols, etc. have a drastic influence on corrosion [183]. Co-P electrodeposits have the potential to be used in marine, automotive and aerospace industry as well as for buried pipelines.
 
5.2.  Tribology
Possessing an extraordinary hardness, 750-1050 HV, and low COF, 0.15-0.25, have made the hard chromium deposit an irreplaceable tribological coating in the recent decades [105, 184]. Albeit the microhardness of as-deposited Co-P alloy and composite films is not exceeded ≈700 HV, it is possible to obtain a hardness of ≈1200 HV with the application of an appropriate post-annealing. The COF of Co-P based coatings is in the range of 0.31-0.41 provided they are electroplated under optimum conditions. The values are comparable with that of hard chromium. Moreover, the Co-P electrodeposits have a higher ductility compared to hard chromium [95, 115]. Many industrial components service under severe mechanical contact and wear situations, including hydraulic cylinders, gas turbines, gearboxes, pistons, mining equipment, rolls, dies, molds, screws, press punches, shafts and rotors in pumps and automotive components, etc, in view of their tribomechanical properties [44, 185].    

5.3.  Catalytic electrode coatings
Electrolysis is a feasible, environmentally friendly, and cost-effective approach to hydrogen generation on a wide range of scales. Electrolysis of water results in the oxygen evolution reaction (OER) at the anode and the hydrogen evolution reaction (HER) at the cathode. The activity of electrocatalytic coatings for OER and HER determines the efficiency of hydrogen generation. Fuel cells offer a promising method for energy conversion in applications including automotive transport, stationary power supplies, materials handling, and portable electronic devices [186-189]. An important rise in global market of fuel cells is forecasted, where it could reach approximately US$7.12 billion by 2026 [190]. The first use of Co-based materials as catalytic electrode coating dates back to 1950s, when it was realised that H2 gas and Co-B by-products are produced when cobalt chloride reacts with NaBH4. These by-products catalyze hydrogen production. Co-P is an impressive OER and HER catalyst facilitating proton transfer in OER and shows a high activity in both acidic and alkaline environments [186-189].       
In view of the ability of cobalt and its salts to accelerate hydrolysis and the high cost of Rh, Ru, Pt, Pd, noble metal catalysts, applications of Co-P coatings in fuel cells are set to rise [191-193].    

5.4.  Magnetic and electronic devices
Co-based materials exhibit excellent magnetic characteristics (such as a high saturation magnetization, good magnetic susceptibility and low coercivity), favourable electrical properties (such as high electrical resistivity), and appropriate thermal stability. Codeposited phosphorus leads to a more favourable magnetic properties due to grain refinement, preservation of the hcp phase and randomizing texture. The incorporated phosphorus also increases the coercivity. Compared to Ni-Fe permalloy, which is extensively used as a magnetic core material, Co-P shows higher permeability and resistivity, less dependence on composition, and almost same saturation. In general, Co-P suits well for soft magnetic materials, such as magnetic recording, integrated inductors, transformers, relays, and magnetic writing heads. The magnetic characteristics of Co-P films are greatly dependent on their crystalline size, phosphorus content, structure, and orientation [71, 73, 99, 194-196].   
Co-P deposits can be employed as a diffusion barrier in electronic packaging. In this case, Co-P films are shown as a desirable candidate for replacing nickel finishes that are commonly applied on solders in the electronics industry. [197, 198]. Co-P films can be deposited on the anodes of discharging nickel metal hydride batteries to enhance their electrocatalytic nature. Such batteries have found applications in different electronic devices, hybrid electric vehicles, and portable power tools [199, 200].     

6. Summary and future prospects 
A review of the electrodeposition of Co-P layers reveals several important features:
Co-P electrodeposits, which typically contain 1-15 wt.% P, are a promising alternative to hard chromium electroplating across a variety of industrial fields. Such electrodeposits can utilise conventional electroplating process facilities, making use of soluble cobalt anodes and agitated baths. Types of electrolyte which have been used in Co-P baths include a cobalt analogue of Watts nickel, sulfate-chloride, chloride, gluconate and sulfamate; the majority of baths are acidic.  
The influence of operational parameters, including modes of current control, electrolyte composition, pH, current density and electrolyte agitation on the physicochemical and mechanical characteristics of the deposits has been illustrated by examples from the literature. 
Typically, the current density is in the range 1-20 A dm-2, higher values requiring more effective bath agitation. Current efficiency can be as high as 95%, some hydrogen evolution taking place as a secondary reaction. Typical phosphorus precursors in the bath include phosphate, hypophosphite or phosphite ions, which are reduced to codeposit phosphorus with cobalt at the cathode.
Co-P electrodeposits show significant microhardness and high corrosion resistance. Attractive magnetic, tribomechanical and electrical properties are evident together with excellent thermal stability. In addition to the application of a classical smooth, direct current (DC) supply, important modes of current control, which are used to enhance deposit properties, include pulsed current (PC), single pulse (SP), double pulse (DP), and pulsed reverse current (PRC).
The incorporation of ceramic particles into Co-P electrodeposits can produce tailored composite coatings having improved physicochemical and mechanical properties compared to plain Co-P alloy deposits. Examples of particle inclusions are TiO2, CNTs, and MoS2; combinations of particles and nanoparticles are increasingly used. Appropriate use of heat treatment after deposition can lead to significant increase in the crystallinity, hardness, wear resistance and corrosion protection of Co-P layers, via precipitation of cobalt phosphides in the microstructure of deposits.
The diverse applications for Co-P electrodeposits are illustrated by their deployment in corrosion protection, tribology, magnetic and electronic devices together with catalytic electrode coatings in batteries, fuel cells and water electrolysers.
 
 In order to accelerate progress with these important coatings, critical R & D studies are recommended, e.g.:
1. Long-term studies of bath lifetime and its effect on deposit quality are important to sustainable industrial practice.
2. A quantitative comparison of the effectiveness of various methods of bath agitation on deposit quality needs to be carried out; particular attention should be paid to strategically placed flow eductors and ultrasonic transducers.
3. Further studies of the choice of bath additives and their mechanism are important; aspects demanding research include synergy between additives, environmental acceptability and sustainability.
4. The importance of duty cycle and pulse frequency, two critical parameters in PC and PRC electroplating, should be addressed. 
5. The microhardness of Co-P electrodeposits which are heat-treated at 400 oC for 0-30 minutes reaches a maximum after 10 min due to the presence of phosphorus in the film after a short annealing time. Further time-resolved ED and TEM studies over the period 0-10 min are needed to address the changes in morphology, phase composition and tribological behaviour in detail. The interfacial strength and elastic modulus of Co-P alloy and composite coatings are also very important.  
6. In tribology testing of deposits, it is essential to state the counterbody material, shape and surface finish, in addition to the load imposed. Dry, wet and intermittent lubrication; erosion, abrasion and more varied types of wear testing need to be explored to mimic practical service environments.
7. Corrosion testing of deposits needs to consider longer term exposure under controlled environmental conditions. In the case of electrode movement and electrolyte flow, more attention to, e.g., the RDE (laminar flow) and RCE (turbulent flow) is needed. In all cases, it is essential to identify the type of corrosion and its location; electrode reactions should be stated and their type of rate control (charge-, mixed- or mass transfer) should be identified. In many cases, the dissolved oxygen concentration in the electrolyte is a critical factor so it requires control and measurement; type of corrosion, electrode reactions, their type of rate control, dissolved oxygen concentration, type and extent of electrode/electrolyte movement; 
8. More precise tailoring of composition and properties of Co-P electrodeposits by choosing a suitable bath composition and controlling operational parameters calls for a more quantitative approach to experimental design and mathematical correlation of results.
9. Mathematical modelling studies of Co-P composite electrodeposition are needed to improve our knowledge of the mechanism and carry out simulations to predict the effect of process conditions on deposit quality. 
10. Current efficiency and throwing power during electrodeposition need to be routinely recorded to monitor the process efficiency during deposition of Co-P layers.
11. The effect of current density on deposit composition and properties under controlled electrode movement and electrolyte flow conditions is well-suited to electrodeposition in rotating cylinder Hull (RCH) cells.
12. A variety of ceramic and polymer inclusions, e.g., Al2O2, TiN, Cr2O3, and graphene oxide, could be incorporated into the Co-P alloy to fulfill specific properties. The comparative performance of single particle-reinforced and duplex particles-reinforced alloy deposits is also vital.  
13. The continued substitution of coatings for hard chromium electrodeposits in ever more demanding engineering applications necessitates quantitative, side-by-side comparisons of available and developing surface finishes, including electrodeposited Co-P, subjected to a wide range of tribological test conditions. 
15. Gradient and multilayer Co-P electrodeposits could further enhance deposit properties and widen opportunities for these coatings; such coatings deserve the attention of research workers.
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