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Abstract 
At present, the rapid growth of the global economy, together with the accelerated depletion of fossil 
fuel resources, has led to growing concerns about the availability and sustainability of energy. 
Therefore, renewable energy sources such as solar, hydrogen, and wind energy are of critical 
importance. Compared with other hydrogen production methods, water electrolysis offers several 
advantages, including sustainability, low cost, high efficiency, and the absence of harmful 
atmospheric emissions. In recent decades, water electrolysis as a hydrogen production technology 
has been extensively investigated. The development of new, efficient, and cost-effective electr-
ocatalysts for water electrolysis remains a crucial challenge. Cobalt-phosphorus thin films are 
promising candidates for replacing expensive noble-metal-based electrocatalysts. In the present 
work, bifunctional Co-P thin films were synthesized via a one-step electrodeposition method from an 
acidic electrolyte. The as-deposited films were amorphous; however, after annealing, two ortho-
rhombic phases, Co₂P and CoP, were identified by X-ray diffraction analysis. The prepared films were 
characterized using X-ray phase analysis, scanning electron microscopy, and energy-dispersive X-ray 
spectroscopy. The electrocatalytic properties of the coatings were investigated before and after 
annealing in both neutral (0.5 M Na₂SO₄) and alkaline (1 M KOH) media for the hydrogen and oxygen 
evolution reactions. In addition, the corrosion behaviour of the Co-P thin films was examined, and it 
was established that the amorphous, non-annealed films exhibited superior corrosion resistance in 
alkaline media. 
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Introduction 

The rapid development of the global economy has led to the rapid depletion of fossil fuel 

resources, raising concerns about the types and amounts of energy consumed and their significant 

impact on the climate [1-3]. Hydrogen production via water splitting using solar energy is one of the 

most attractive pathways for generating renewable fuels. The development of active and stable 

catalysts composed of earth-abundant elements for hydrogen and oxygen evolution is a key 

requirement for the successful production of green fuels. 

For renewable energy sources such as solar and wind power, advanced energy storage systems 

with high power and high energy density are essential [4-6]. Elements from the iron subgroup 

demonstrate superior performance in water electrolysis for hydrogen production, particularly in 

neutral and alkaline media, where they offer an optimal balance of cost, stability, and catalytic 

activity [7,8]. 

Recently, considerable attention has been given to transition-metal phosphides and phosphates, 

which have successfully replaced their oxide and hydroxide counterparts in supercapacitors. 

Transition metal phosphides, such as nickel and cobalt phosphides (Co₂P, Ni₂P), are attractive 

candidates due to their abundance, low cost, and high electrochemical activity [9-12]. These 

phosphides exhibit excellent redox activity, desirable electrical conductivity, and high theoretical 

energy capacity [13]. They are widely available in nature and environmentally friendly [14-16]. 

Among these, cobalt phosphides are particularly notable for their outstanding electrocatalytic 

performance and stability in the hydrogen evolution reaction (HER) across all pH values, as well as 

their favourable properties when used as anode materials in lithium-ion batteries [17-20]. Metal 

phosphides are typically synthesized via phosphidation of metallic or oxide nanoparticles [21], 

through solid-state reactions using precursor salts [22], or by electrodeposition [23,24]. Transition 

metal phosphides obtained electrochemically are often bifunctional and have been used in water 

electrolysis as both cathodes and anodes [25-27]. 

Metal phosphides can be synthesized from several different phosphorus sources. For example, 

when an inorganic phosphate such as NaH₂PO₂ is used, hypophosphite can react with metal ions 

under neutral or mildly acidic conditions to form the corresponding metal phosphide [24]. Cobalt 

phosphide (Co-P) has attracted significant attention from researchers as an efficient bifunctional 

electrocatalyst based on non-noble metals [28]. 

Electrodeposited Co-P films with very low phosphorus content but excellent activity for both 

hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) were obtained by J.Nan et 

al. [23]. Electrocatalytic activity tests were performed in 1 M KOH solution. Elemental analysis of the 

films confirmed a uniform distribution of Co and P throughout the film after HER. 

Cobalt phosphide (Co-P) nanospheres were developed as non-noble metal electrocatalysts via a 

one-step electrodeposition method [29]. The morphology of the Co-P nanostructures and their 

electrocatalytic activity in HER were controlled by the applied potentials during electrodeposition. 

Linear sweep voltammetry demonstrated that Co-P grown at -0.9 V exhibited the best performance 

for HER. 
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In this work, the electrochemical deposition of bifunctional Co-P thin films from an acidic aqueous 

electrolyte is investigated. The obtained films exhibit electrocatalytic activity in both neutral and 

alkaline media, along with satisfactory corrosion resistance under alkaline conditions. 

Experimental 

The co-deposition of cobalt with phosphorus was investigated by recording cyclic and linear 

polarization curves, including chronoamperometry and chronopotentiometry, using an IVIUMSTAT 

Electrochemical Interface potentiostat. These measurements were conducted in a three-electrode 

cell equipped with a jacket to maintain a constant electrolyte temperature. The electrolyte 

temperature was maintained using a UTU-4 universal ultra thermostat. A platinum electrode with a 

geometric surface area of 0.4 cm² served as the working electrode, while a platinum plate with a 

geometric surface area of 4 cm² was used as the counter electrode. A silver/silver chloride electrode 

(Ag/AgCl) in a saturated KCl solution served as the reference electrode, and all potentials are 

reported with respect to this reference. 

To determine elemental composition, morphology, electrocatalytic, and corrosion properties, 

Co-P thin films were electrodeposited onto a copper electrode with a geometric surface area of 

2 cm² in a two-electrode cell under galvanostatic conditions. The electrolyte was prepared by 

dissolving the following components in distilled water: 0.1 M CoSO₄, 0.12 M NaH₂PO₄, 0.5 M H₃BO₃, 

0.14 M Na₂SO₄ and 0.001 M NaC₁₂H₂₅SO₄. The pH of the solution was adjusted to 3.6. All reagents 

were purchased from Sigma-Aldrich (Germany). Electrodeposition was carried out at a current 

density of 10 mA cm⁻² over a temperature range of 50 °C K for 4 hours. Prior to deposition, the 

surface of the copper electrode was etched in an HNO₃ : H₂O (1 : 1) solution, followed by rinsing 

with ethanol and acetone. A platinum plate was used as the anode.  

The as-deposited films exhibited an amorphous structure and were thermally treated in air at 

450 °C for 1 hour. The morphology and elemental composition of the films were examined using a 

JEOL (Japan) scanning electron microscope (SEM) equipped with an energy-dispersive X-ray (EDX) 

spectrometer from Oxford Instruments. Phase analysis was performed using a Rigaku Miniflex-500 

X-ray diffractometer with CuKα radiation (λ = 0.154 nm).  

The electrocatalytic properties of the films were evaluated by recording cathodic and anodic polariza-

tion curves in both neutral (0.5M Na2SO4) and alkaline (1M KOH) media, followed by the construction of 

Tafel plots. Corrosion behaviour was studied in an alkaline medium using chronopotentiometry. 

Results and discussion  

Figure 1 shows the overall cyclic polarization curve for the co-deposition of cobalt with phos-

phorus, realized by potential changes starting from 1.0 V vs. Ag/AgCl to lower potential values. In 

the cathodic branch of the polarization curve, it can be seen that the co-deposition of these two 

elements occurs within the potential range of -0.5 to -0.9 V. At potentials more negative than -0.9 V, 

hydrogen evolution begins. On the anodic branch, an anodic dissolution peak of the deposited film 

appears at a potential of -0.2 V.  

The deposition proceeds according to Equation (1) [29,30]. 

Co2+ + H2PO2
- + 2H+ + 3e- → CoP + 2H2O  (1) 

Cobalt cations (Co²⁺) and hypophosphite anions (H2PO2
-) in solution are reduced to their 

corresponding atomic forms, Equations (2) and (3) [31,32]. 
Co2+ + 2e- → Co  (2) 
H2PO2

- + 2H+ + e- → P + 2H2O  (3) 
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Figure 1. Cyclic polarization curve for the co-deposition of cobalt with phosphorus. Electrolyte composition: 

0.1 M CoSO₄; 0.12 M NaH₂PO₄; 0.5 M H₃BO₃; 0.14 M Na₂SO₄; 0.001 M NaC₁₂H₂₅SO₄, pH 3.6, T = 50 оС,  
scan rate ν = 0.02 V s-1  

The reduced atoms are adsorbed on the surfaces of nanoparticles, where phosphorus atoms 

diffuse and incorporate into the cobalt crystal lattices, forming the Co-P phase [32,33]. X-ray phase 

analysis of the annealed Co-P thin film, carried out in air, revealed two cobalt compounds: Co₂P and 

CoP (Figure 2). 

 
2 / ° 

Figure 2. X-ray diffraction pattern of deposited Co-P thin film after annealing.  
XRD Pattern (Cu Kα) (Strip Kα₂) (Smooth) (X-Offset): Experimental X-ray diffraction pattern collected using Cu Kα 

radiation. Strip Kα₂ indicates that the Cu Kα₂ component was removed from the diffraction data during processing. 
Smooth indicates that a smoothing algorithm was applied to reduce statistical noise without altering the diffraction 

peaks. X-Offset denotes a horizontal shift applied only for graphical presentation to improve the visualization of 
overlapping patterns; it does not affect the diffraction angles or phase identification. 

COD 43132211 (Tune Cell) Cu: Reference diffraction pattern of Cu from the Crystallography Open Database (COD). Tune 
Cell indicates that the unit-cell parameters of the reference structure were optimized by the software to improve 

alignment with the experimental diffraction pattern.  
COD 90099202 (Tune Cell) Co₂P: Reference diffraction pattern of Co₂P from the COD database. Tune Cell denotes 

software optimization of the reference unit-cell parameters for pattern matching.  
COD 90088928 (Tune Cell) CoP: Reference diffraction pattern of CoP from the COD database. Tune Cell indicates 

optimization of the reference unit-cell parameters during phase matching. 
COD 15268838 (Tune Cell) CoO: Reference diffraction pattern of CoO from the COD database. Tune Cell indicates 

software refinement of the reference unit-cell parameters for comparison with the experimental pattern 
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Co-P system coatings produced by electrochemical deposition are frequently formed in an 

amorphous or amorphous-nanocrystalline state. After heat treatment, crystallization and phase 

segregation typically occur, leading to the formation of cobalt phosphide phases. In the present 

study, two orthorhombic phases, Co₂P and CoP, were identified after annealing [34]. 

The formation of cobalt phosphides proceeds according to Equations (4) and (5) [31,35]: 
Co + P → CoP (4) 

At the initial stage, the co-electrodeposition proceeds according to Equation (4); subsequently, 

with an increased cobalt content in the deposited film, Co₂P is formed according to Equation (5): 

2Co + P → Co2P (5) 

The presence of CoO in the X-ray diffraction pattern is attributed to the annealing of the obtained 

film in air, while the presence of copper originates from the substrate material on which the film 

was deposited. The film consists of two phases: the CoP phase and the cobalt-rich Co₂P phase.  

Figure 3 presents linear polarization curves for the co-deposition of cobalt and phosphorus at 

different scan rates (Figure 3a) and the dependence of the peak current density on the square root 

of the scan rate (Figure 3b). 
 a b 

   
 Potential, V v1/2 / mV1/2 s-1/2 

Figure 3. a) Linear polarization curves for the co-deposition of cobalt with phosphorus at different potential 
scan rates, electrolyte composition: 0.1 M CoSO₄; 0.12 M NaH₂PO₄; 0.5 M H₃BO₃; 0.14 M Na₂SO₄; 0.001 M 

NaC₁₂H₂₅SO₄, pH 3.6, T = 50 оС, b) dependence of peak current density on the square root of sweep rate 

The scan rate has no significant effect on the co-deposition process. Only the co-deposition 

potential shifts slightly toward more positive values as the scan rate increases. Based on these 

curves, the dependence of jp vs. ν1/2 (Figure 3b) was constructed. This relationship is linear, which, 

according to the Randles-Ševčík equation, is characteristic of processes in which the rate-

determining step is the diffusion of the depositing ions [36].  

Chronoamperometric and chronopotentiometric studies of the co-deposition of cobalt with 

phosphorus were also carried out. Figure 4a presents the chronoamperometric curves for the co-

deposition of Co with P at various deposition potentials. The figure clearly shows that the current 

intensities in all six curves initially rise sharply and then stabilize. Stabilization occurs approximately 

1.2 to 1.4 seconds after the onset of deposition. The rapid increase in current to its maximum is due 

to the charging of the electrical double layer on the electrode surface. As a result, Co ions are rapidly 

reduced, and the cobalt content on the electrode surface increases with deposition time.  

j p
 /

 m
A

 c
m

-2
. 
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 Time, s t-1/2 / s-1/2 

Figure 4. (a) Chronoamperometric curves for the co-deposition of cobalt with phosphorus at different 
deposition potentials (-0.3 to -0.8 V) from an electrolyte with composition: 0.1 M CoSO₄; 0.12 M NaH₂PO₄;  

0.5 M H₃BO₃; 0.14 M Na₂SO₄; 0.001 M NaC₁₂H₂₅SO₄, pH 3.6, T = 50 oC, (b) dependence of the i vs.t-1/2 at -0.8 V 

According to the Scharifker-Hills model [37], two types of nucleation processes exist: instantaneous 

and progressive. Instantaneous nucleation implies the simultaneous growth of nuclei upon application 

of the deposition potential, whereas in progressive nucleation, nuclei form continuously during 

electrodeposition. Equation (6) describes the theoretical transient model for instantaneous 

nucleation, while Equation (7) describes progressive three-dimensional nucleation: 
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where tmax / s is the time at the maximum current imax / A. 

At the onset of deposition, at potentials up to -0.3 V, the chronoamperometric curve for the co-

deposition follows the instantaneous nucleation model, in which Co-P nuclei form simultaneously 

at multiple active sites on the substrate surface. At higher potentials (from -0.4 to -0.8 V), deposition 

occurs according to the progressive nucleation model. The electrochemical behaviour of the 

depositing ions can be further analysed based on the relationship between I(t) and t-1/2. This 

relationship is shown in Figure 4b, constructed from the data in Figure 4a. Figure 4b demonstrates 

that i(t) exhibits a strong linear correlation with t-1/2, indicating that the co-deposition of cobalt with 

phosphorus is controlled by the diffusion of ions to the electrode surface. 

The diffusion coefficient was calculated using the Sand Equation (8) [38] for four different 

deposition potentials according to the following formula: 
2 2 2

b

24

n F DC

j


 =  (8) 

where τ / s is transition time, n is the number of electrons participating in the reaction, F is the Faraday 

constant (96485 C mol⁻¹), D / cm2 s-1 is diffusion coefficient of the electroactive substance, Cb / mol cm-3 

is volume concentration of the substance in the solution and j / A cm-2 is current density. 

The nucleus (or nucleation) density was calculated using the Scharifker method [37]. 

Table 1 presents the diffusion coefficient and the nucleation density (N₀) at four different 

deposition potentials. The table shows that increasing the cathode potential accelerates the 

electrochemical reaction and reduces the concentration of deposited ions in the near-electrode 

layer. As a result, mass transfer becomes more difficult, the thickness of the diffusion layer 

i /
 m

A
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increases, and the effective diffusion coefficient calculated from electrochemical data may 

decrease, although this is not directly consistent with the Randles-Ševčik equation. The table also 

shows that the nucleation density N₀ increases sharply with increasing deposition potential. This 

behaviour can be attributed to the enhanced activity of nucleation sites at higher deposition 

potentials. This behaviour can be explained by the increased activity of nucleation sites at higher 

deposition potentials. The average diffusion coefficient for the deposition process was determined 

to be 1.810⁻⁵ cm² s-1.  

Table 1. The experimental data of the CA deposition of Со-Р 

Applied potential, V D / 10-5 cm2 s−1 N0 / 1018 cm−3 

-0.3 2.07 12.3 

-0.5 1.75 25.72 

-0.6 1.53 37.64 

-0.8 1.22 48.14 

Figure 5 shows the chronopotentiometric studies of the co-deposition of cobalt with phosphorus. 

The curves indicate that the electrode potential initially decreases (from 0.3 s to 5 s) and then 

stabilizes after approximately 10 seconds. 

 
Figure 5. Chronopotentiometric curves at different current intensities for the co-deposition of Co with P 

(electrolyte composition as in Figure 4) 

The ohmic polarization of the electrolyte, arising from a constant current applied to the cathode 

surface, significantly alters the system's electrode potential, causing the cathode potential to 

decrease rapidly. This sharp potential drop is attributed to instantaneous nucleation during co-

deposition. The stabilization of the potential after approximately 10 seconds of deposition can be 

explained by the fact that the number of depositing species at the active nucleation sites does not 

match the rate of cobalt nucleus formation, and the deposition process becomes controlled by 

concentration polarization [38]. These factors gradually reduce the current until a steady state is 

reached. After this stage, no new nuclei are formed; only the growth of existing nuclei occurs on the 

cathode surface. This contributes to an increase in the real surface area of the electrode and its 

passivation. This behaviour of the chronopotentiometric polarization curve can also be explained by 

the simultaneous evolution of hydrogen on the cathode surface during alloy deposition. 

The chronopotentiometric curve of the electrodeposition process from the investigated bath 

demonstrates an initial short phase of higher overpotential due to the nucleation of Co and P 

-150 A 

-200 A 

-250 A 

-300 A 
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particles on the substrate surface, followed by a phase of relatively constant potential 

corresponding to the growth of Co-P particles after nucleation. Three distinct regions can be 

identified on the potential curve recorded during electrodeposition: a short region of high potential, 

a broad potential peak, and a gradual decrease in potential. The region of elevated potential can be 

attributed to the depletion of Co and P ions near the electrode surface. The subsequent broad peak 

reflects strong inhibition at the early stage of Co-P deposit growth, due to the adsorption of these 

ions on the metal substrate surface, driven by Coulombic attraction between the depositing ions 

and the electrode. This adsorption leads to the formation of micelle-like structures or hydrophobic 

double layers on the electrode surface. At the final stage of deposition, the potential gradually 

increases, which can be attributed to the expansion of the electrode's electroactive surface area. 

When recording polarization curves, an inert material is typically used to avoid side reactions on 

the electrode surface that could interfere with the study of the co-deposition mechanism. 

Figure 6 presents the results of the morphological analysis of the Co-P thin film on a copper 

substrate obtained using SEM. The growth of Co-P nanostructures was observed at potentials of  

-0.5 to -0.7 V. At these potential values, clusters of Co-P nanospheres are formed, resembling a 

cauliflower-like structure, with an average particle size of 15.6 to 18.0 μm (Figure 6a). 

a 

 
  20 m 
 b c 

 
 50 m 50 m 

Figure 6. SEM analysis results of the Co-P thin film deposited on copper plate: (a) Co-P coating; (b) Co; (c) P 
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Figure 7 shows the cross-section of the Co-P alloy with marked points used to determine the 

composition of the film along its depth. 

The depth analysis of the film showed that the topmost layer consists mainly of cobalt oxide. 

Phosphorus appears already at the second point, and its concentration increases from 1.49 wt.% to 

45.32 wt.% at point 5. Then, the phosphorus content decreases to 0.27 wt.% at point 7. From this 

image, the film thickness was determined to be 176.364 μm. 

The overall composition profile of the investigated Co-P film, determined by the EDX method, is 

shown in Figure 8. It can be seen from the figure that the average phosphorus content is up to 6.7 %. 

The results of SEM and EDX analyses confirmed the X-ray diffraction data of the obtained thin 

film, which consisted of Co, P and O₂. 

Considering that according to literature data, Co-P alloys exhibit bifunctional catalytic behaviour, 

the electrocatalytic properties of the obtained alloy were investigated for both HER and OER in 

neutral and alkaline media. 

 
 50 m 

Figure 7. Cross-section of the Co-P thin film deposited on copper plate. Spectrum 1 to 7 indicate the EDS 
analysis locations and the + symbols mark the corresponding analysis points 

 

 Content, at.% 
P 6.7 
Co 62.69 
Cu 9.40 
O 21.21 

Figure 8. EDS analysis results of the Co-P thin film deposited on copper plate 

Figure 9 shows the cathodic polarization curves of the Co-P thin film in neutral (Figure 9a) and 

alkaline (Figure 9b) media for HER, both before and after annealing (heat treatment). The obtained 

film served as the cathode, while a platinum plate was used as the anode. 

It can be seen from Figure 9 that in both neutral and alkaline environments, the electrocatalytic 

activity of the amorphous film is higher than that of the film subjected to annealing. 
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 a b 

 
 E / V E / V 

Figure 9. Polarization curves demonstrating electrocatalytic activity of as-deposited (amorphous) and 
annealed (thermal) Co-P electrocatalysts toward HER: (a) in a neutral medium (0.5 M Na₂SO₄); (b) in an 

alkaline medium (1 M KOH)  

LSV (linear sweep voltammetry) and Tafel plots were constructed based on these polarization 

curves for studies in neutral (Figure 10) and alkaline (Figure 11) media, and the corresponding Tafel 

slope values were determined. 

 a b 

  
 Potential, V vs. Ag/AgCl log (j / mA cm-2) 

Figure 10. (a) Linear sweep voltammetry of as-deposited (amorphous) and annealed (thermal) Co-P 
electrocatalysts for the HER in 0.5 M Na₂SO₄, at 298K (b) Tafel plots of hydrogen evolution reaction  

 a b 

       
 Potential, V vs. Ag/AgCl log (j / mA cm-2) 

Figure 11. (a) Linear sweep voltammetry of as-deposited (amorphous) and annealed (thermal) Co-P for the 
hydrogen evolution reaction in 1 M KOH, at 298 K, (b) Tafel plots of hydrogen evolution reaction  

It was found that the electrocatalytic activity of the as-deposited (amorphous) Co-P thin film was 

higher, exhibiting a Tafel slope value of 186 mV dec⁻¹ compared to the annealed film, which showed 

j p
 /

 A
 c

m
-2

  

j p
 /

 A
 c

m
-2

  

C
u

rr
en

t 
d

e
n

si
ty

, m
A

 c
m

-2
  


 /

, m
V

  

Thermal sample (b = 243 mV dec-1) 

Amorphous sample (b = 186 mV dec-1) 

Thermal sample (b = 229 mV dec-1) 

Amorphous sample (b = 117 mV dec-1) 

C
u

rr
en

t 
d

e
n

si
ty

, m
A

 c
m

-2
  


 /

, m
V

  



A. O. Zeynalova et al. J. Electrochem. Sci. Eng. 16 (2026) 3278 

http://doi.org/10.5599/jese.3278  11 

a Tafel slope of 243 mV dec⁻¹. The overpotential (η) for the amorphous film in a neutral environment 

was 142 mV, in an alkaline environment 48 mV, and for the annealed film, the overpotential in a 

neutral environment was 152 mV, in an alkaline environment 61.8 mV at a current density of 

10 mA cm-2. 

In an alkaline medium, the electrocatalytic activity toward HER of the as-deposited (amorphous) 

Co-P thin film, with a Tafel slope value of 117 mV dec⁻¹, was higher than that of the annealed film, 

which exhibited a Tafel slope value of 229 mV dec⁻¹. 

To evaluate the electrocatalytic activity of the obtained Co-P film for the OER, polarization curves 

were recorded in both neutral and alkaline media, where the prepared film served as the anode 

(Figure 12). In neutral medium, higher OER activity is observed for the amorphous Co-P film, while 

in alkaline medium, for the thermal (annealed) film.  

 a b 

             
 E / V E / V 

Figure 12. Electrocatalytic activity of as-deposited (amorphous) and annealed (thermal) Co-P thin film 
electrocatalysts toward OER: (a) in a neutral medium (0.5 M Na₂SO₄), (b) in an alkaline medium (1 M KOH) 

In Figure 13, LSV and Tafel plots for the OER were constructed from the data in Figure 12 for both 

neutral (Figure 13) and alkaline (Figure 14) media. In a neutral medium, the electrocatalytic activity 

of the annealed films in the OER was lower (Figure 13a), exhibiting a Tafel slope value of 

138 mV dec⁻¹, compared to the non-annealed electrodes, which showed a Tafel slope value of 

77 mV dec⁻¹ (Figure 13b). 

 a b 

         
 Potential, V vs. Ag/AgCl log (j / mA cm-2) 

Figure 13. (a) Linear sweep voltammetry of as-deposited (amorphous) and annealed (thermal) Co-P 
electrocatalysts for the OER in 0.5 M Na₂SO₄, at 25 °C, (b) Tafel plots of oxygen evolution reaction  

Tests conducted with the same electrodes in an alkaline medium for OER showed that the 

annealed Co-P films, with a Tafel slope value of 119 mV dec⁻¹, exhibited higher activity than the 

amorphous (non-annealed) films, which had a Tafel slope value of 235 mV dec⁻¹. 
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 Potential, V vs. Ag/AgCl log (j / mA cm-2) 

Figure 14. (a) Linear sweep voltammetry of the Co-P electrocatalyst for the OER in 1M KOH, (b) Tafel plots of 
oxygen evolution reaction on the deposited electrocatalytic materials in 1 M KOH at 298 K 

Table 2 presents comparative values of the Tafel slope and overpotential at a current density of 

10 mA cm⁻² for Co-P reported by other authors. 

Table 2. Comparison of the catalytic performance of Co-P in HER and OER with previously published studies 
in alkaline and neutral media 

References 
Tafel slope, mV dec⁻¹ η / mV (at 10 mA cm⁻²) 

In neutral medium In alkaline medium In neutral medium In alkaline medium 
HER OER HER OER HER OER HER OER 

[39] - - 34.1 61.7 - - 107.6 400 
[40] - - 124.5 99.0 - - 207.0 340 
[41] - - 147.0 80.0 - - 69.0 326 
[42] - - 124.5 69.5 - - 207.0 361 

our work 186 77 117.0 190 142 50 48.0 171 
 

The lowest Tafel slope for the HER in alkaline media was reported for Co-P films, with a value of 

34.1 mV dec ¹; however, the overpotential at 10 mA cm⁻² was 107.6 mV [40]. In our work, the Tafel 

slope value in alkaline medium was 117 mV dec-1 with an overpotential of 48 mV, i.e. almost two 

times lower. For the OER in the same study, the Tafel slope value was 61.7 mV dec-1 at η = 400 mV. 

The overpotential for the OER on our electrode is 2.33 times lower. This indicates the superior 

electrocatalytic activity of the electrode in both reactions during water electrolysis. 

An important requirement for electrocatalysts used in HER and OER is high corrosion resistance in 

the working medium. Since alkaline electrolytes are commonly employed in industrial hydrogen pro-

duction, the corrosion properties of the obtained films were investigated in an alkaline environment. 

To evaluate the operational stability of the synthesized Co-P thin films, chronopotentiometric mea-

surements were performed in a 1 M KOH solution during the HER at 25 °C and a current density of 

10 mA cm⁻². Figure 15 shows the dependence of potential on time for the annealed sample (red line) 

and the as-deposited sample (black line) during HER (Figure 15a) over 12 and 10 hours of electrolysis, 

respectively, and during OER (Figure 15b) over 11.5 and 9 hours of electrolysis, respectively. The 

curves exhibit linear behaviour, with lines parallel to the abscissa, indicating high operational stability 

of the obtained Co-P thin films in alkaline media over the investigated time periods [43]. 

Corrosion properties were evaluated by recording cathodic and anodic polarization curves, after 

which the corrosion rate of the Co-P alloys was determined for both HER and OER. The data obtained 

by Tafel extrapolation and automatically calculated using Gamry Instruments for HER are as follows: the 

corrosion resistance of the amorphous Co-P film was 626.9 , the corrosion rate was 16.11 m year⁻¹, 

and the corrosion current density (jcorr) was 1.387 A cm⁻². 
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 Time, h Time. h 

Figure 15. Chronopotentiometric curves of the as-deposited (amorphous) and annealed (thermal) Co-P thin 
films in 1 M KOH over 12 hours: (a) HER; (b) OER  

For OER, the corrosion resistance was 210.5 , the corrosion rate was 1.351 mm year⁻¹, and the 

corrosion current density (jcorr) was 116.3 A cm⁻². These values were calculated for a geometric 

surface area of 1 cm². However, we calculated these values for a geometric area of 2 cm² without 

using the instrument. 

EDX analysis showed a deposit density of 7.36 g cm⁻³, which differs from the instrument-reported 

value of 7.86 g cm⁻³, and the corrosion rate (CR, mm year-1) was calculated using Equation (9): 

CR corrKj M

n
=   (9) 

where jcorr / A cm⁻² is the corrosion current density, M / g mol⁻¹ is the molar mass of the metal, n is 

the number of electrons involved in the reaction, ρ / g cm⁻³is the density, and K is a constant (for 

m year⁻¹, typically 3.27). 

After calculation using Equation (9), the obtained CR values were 8.8 m year⁻¹, while polarization 

resistance was 1253.8  cm², and corrosion current density (jcorr) of 0.6859 A cm⁻². 

The results indicate that the corrosion resistance of amorphous Co-P thin films is higher than that 

of annealed samples. This is because amorphous alloys more readily form dense, uniform, and 

passive deposits, whereas crystalline materials contain grain boundaries, which are energetically 

unstable regions. This promotes the accelerated diffusion of aggressive ions in the medium (OH⁻ 

and SO₄²⁻), thereby facilitating the corrosion of the deposited films [44]. 

Conclusions 

In conclusion, the co-deposition of cobalt with phosphorus is initially controlled by a diffusion-

limited stage and subsequently governed by mixed kinetics. At the early stage of the process, crystal 

nucleation proceeds via an instantaneous nucleation mechanism, followed by progressive nucleation. 

The Co-P thin films obtained under the proposed conditions exhibit bifunctional catalytic activity and 

are suitable for hydrogen production via water electrolysis in both neutral and alkaline media. During 

alkaline water electrolysis, the as-deposited amorphous Co-P thin film effectively serves as the 

cathode, while the annealed film functions as the anode. Corrosion resistance studies demonstrated 

that amorphous Co-P films exhibit greater corrosion stability than annealed samples in both the 

hydrogen and oxygen evolution reactions under alkaline conditions. 
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