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Abstract: Hydrogen production by water splitting is one of the low-cost green hydrogen production
technologies. The challenge is to develop inexpensive and highly active catalysts. Herein, we present the
preparation of electrocatalysts based on cobalt-phosphorus (Co-P) coatings with different P contents for
hydrogen and oxygen evolution reactions (HER and OER). The Co-P coatings were deposited on the copper
(Cu) surface using the inexpensive and simple method of electroless metal deposition. The morphology,
structure, and composition of the Co-P coatings deposited on the Cu surface were studied by scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), while their activity for HER and OER in 1
M KOH was investigated by linear sweep voltammetry (LSVs) and chrono-techniques. It was found that the
catalyst activity for both HER and OER depends on the P content of the catalyst and varies to the highest
efficiency for each reaction. The Co-P coating with the 11 wt% of P exhibited the lowest overpotential value of
-115.4 mV for the HER to obtain a current density of 10 mA cm compared to the Co-P coatings with 8 wt% (-
121.5 mV) and 5 wt% (-182.9 mV) of P. In contrast, the lowest OER overpotential (394 mV) was observed for
the Co-P coating with the 8 wt% of P to obtain a current density of 10 mA cm as compared to the Co-P coatings
with 5 wt% (416 mV) and 11 wt% (432 mV) of P. These results suggest that the obtained catalysts are suitable
for HER and OER in alkaline media.

Keywords: cobalt; phosphorous; electroless deposition; water splitting

1. Introduction

Growing concern over climate change and the energy crisis has led to considerable research
efforts into alternative energy storage and conversion systems [1]. Hydrogen (Hy) is a green energy
source with high energy density and can be converted into energy without releasing carbon dioxide.
As a result, it has attracted significant attention from both academic researchers and industry
professionals [2]. It is anticipated that electrolysis-based hydrogen production will become the
predominant method for generating hydrogen, due to the efficiency and high controllability of this
process [3]. The process of electrochemical water splitting (EWS) has the potential to offer a
sustainable energy conversion method that does not result in environmental contamination [4]. EWS
has been demonstrated to be the most promising approach for sustainable hydrogen production. It
enables the conversion of intermittent and recyclable electrical energy, derived from sources such as
solar, wind, and marine power, into chemical energy in the form of clean hydrogen fuel [5]. The EWS
process can be divided into two principal stages: the hydrogen evolution reaction (HER) on the
cathode and the oxygen evolution reaction (OER) on the anode. This offers an effective method for
the production of high-purity hydrogen; however, the high cost and low efficiency of the process
limit its practical applications (It is estimated that just 4% of the global hydrogen production is
derived from water electrolysis) as commercial electrolyzers are typically operational at cell voltages
within the 1.8 to 2.0 V range, which is considerably higher than the minimum value of 1.23 V as
determined by theoretical calculation. However, electrocatalysts on both the cathode and anode
electrodes can significantly reduce the overpotentials for the HER and OER reactions, thereby
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facilitating charge transfer between the electrodes and between the electrodes and the electrolytes [6—
8].

Currently, the catalysts that exhibit the greatest efficiency for the HER and OER are platinum
group metals, iridium, and rhodium-based compounds, respectively [9-11]. However, the scarcity
and high cost of noble metal catalysts have resulted in their limited application on a widespread basis
[12-15]. Therefore, it is essential to develop efficient, low-cost, and earth-abundant non-precious
metal-based bifunctional electrocatalysts for HER and OER. Over the past decade, an enormous
amount of research has been conducted in this area [16]. Many transition-metal-based compounds,
including transition metal oxides [17], hydroxides [18], sulfides [19], phosphides [20], nitrides [21,22],
and selenides [23,24] have been observed to exhibit excellent electrocatalytic properties in HER and
OER, which has led to a significant surge in research activity in this area. Transition metal phosphides
(TMPs) have recently been the subject of increased research interest due to their remarkable activity,
stability, and conductivity [25]. Among transition metal phosphides (TMPs), cobalt-based catalysts
have demonstrated superior activity [26].

The utilization of uncomplicated, cost-effective, and efficient techniques for the fabrication of
catalysts can also serve to reduce the overall cost of hydrogen production through the electrolysis of
water [27]. Cobalt-based coatings can be prepared by electroplating [28], vapor deposition [29], or
magnetron sputtering methods [30], which require significant energy input and utilize complex
apparatus. Electroless plating, also known as chemical or auto-catalytic plating, is a non-galvanic
plating method that involves several simultaneous reactions in an aqueous solution [31]. As a well-
established method for preparing coatings of metals and alloys, electroless plating appears to be a
convenient and energy-saving method for preparing cobalt-based coatings, as it does not necessitate
the use of complicated equipment or hazardous power sources [32]. In comparison with the processes
of electroplating, vapor deposition, and magnetron sputtering, the method of electroless plating is
also an inexpensive and convenient technique for the preparation of metallic coatings. Furthermore,
the coatings produced by the electroless plating method demonstrate a notable degree of thickness
uniformity on substrates with complex geometries. Since its initial description by Brenner and Riddell
in 1947 [33], electroless cobalt plating has been the subject of extensive research. The majority of
research in this field is focused on the development of plating solutions and the optimization of
plating conditions, both of which can influence the composition, structure, and properties of cobalt-
based coatings [34]. In the preparation of pure cobalt-phosphorus (Co-P) coatings, the corresponding
electroless plating solutions are typically formulated with sodium hypophosphite [35] as the
reducing agent. Additionally, the electroless plating solutions comprise various complexing agents,
cobalt salts, pH regulators, buffering agents, and additives, along with the reducing agents [36]. The
electroless Co-P plating process is typically conducted in alkaline plating solutions at elevated
temperatures (above 60 °C). This results in a reduction in the stability of the electroless Co-P plating
solutions and an increase in energy consumption. Moreover, the palladium activation step is essential
for electroless Co-P plating on substrates such as copper, which are resistant to hypophosphite
oxidation. Consequently, the complexity and cost of the plating process are increased [37].

The mechanism of cathodic HER in electrocatalytic water splitting comprises three principal
steps: Volmer, Heyrovsky, and Tafel reactions. This sequence is illustrated below, with the asterisk
(*) denoting the active sites on the surface of the electrocatalyst in an alkaline media [38].

Volmer reaction: H20 + e- + * <> H* + OH- (b ~ 120 mV dec) 1)
Heyrovsky reaction: H* + H20 + e~ < H2 + OH-+* (b ~ 40 mV dec?) ()
Tafel reaction: H* + H* <> H2 + 2* (b ~ 30 mV dec?) )

In this context, b represents the Tafel slope derived from the HER polarization curves.

In contrast, in alkaline electrolytes, the anodic OER mechanism involves the breaking of the O—
H bond and the formation of the O—O bond, occurring through four-electron transfer steps. The
mechanism of OER has been demonstrated in Equations (4) to (8) for an alkaline medium, as outlined
in reference [39].

OH +* - OH* + e 4)
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OH*+OH- - O*+ H20 + e~ 5)

20* — 2%+ O2(g) 6)

O*+ OH — OOH* + e 7)

OOH* + OH~ — * + Oz(g) + H20(1) + e~ 8)

Significant efforts have been dedicated to the development of Co-based electrocatalysts with
diverse morphologies (including powders and nanostructures) and compositions for applications in
HER and OER [40-43]. Typically, the particular surface area of the catalysts can be efficiently
enhanced by modifying their morphologies and the electronic structure of the active center [44].
Furthermore, the doping of non-metallic elements enables the control of the conductivity of the
catalysts, ultimately leading to an enhanced performance of electrocatalysts [45,46]. Co has been the
subject of considerable research interest due to its exceptional catalytic activity for both HER and
OER under alkaline conditions [47-50]. Cobalt phosphide (CoP) is regarded as one of the most active
and stable HER catalysts [51-54]. It is crucial to enhance the HER and OER performance of transition-
metal phosphides in alkaline solutions, as water splitting at alkaline conditions is the most promising
technology. In alkaline media, it is challenging for HER to generate hydrogen intermediates (H*)
(Volmer step) [55], and the metal on the surface of transition metal phosphides is readily oxidized to
oxo/hydroxo species. Accordingly, our objective is to develop cobalt phosphide catalysts with
enhanced HER and OER performance to facilitate water splitting in alkaline conditions. The EWS
method allows the production of hydrogen and oxygen in an electrolytic cell. This process involves
two half-cell reactions, which are of great significance for electrochemical water electrolysis: the
cathodic reduction of water to hydrogen and the anodic oxidation of water to oxygen. The
thermodynamic voltage for this process is 1.23 V.

This study presents an inexpensive and straightforward method for producing CoP
electrocatalysts, which exhibit remarkable bifunctional electrocatalytic capabilities for the HER and
the OER in alkaline media (1 M KOH).

2. Results and Discussion
2.1. Coatings, Microstructure and Morphology Studies

The principal aim of this study was to develop an effective catalyst for HER and OER in an
alkaline (1.0 M KOH) medium using a straightforward methodology. Subsequently, two-component
coatings comprising Co and P were deposited on Cu sheets via a simple electroless deposition
process, using sodium hypophosphite as the reducing agent and varying its concentrations. Figure 1
illustrates the surface morphologies and EDS spectra of the Cu sheet-supported Co-P catalysts. The
surface morphology of the coatings was examined by scanning electron microscopy (SEM). Figure 1
shows the SEM images of the prepared Co-P catalysts (a-c). The surface morphology of the Co-P is
observed to be compact, smooth, and free of cracks where the Co particles appear to be uniformly
distributed. A typical globular morphology consisting of smaller nodules can be seen in the top side
views of the Co-P catalysts in Figure la. As the concentration of sodium hypophosphite on the
catalyst increased, the formation of nodular structures was observed, which subsequently covered
the surface of the substrate (Figure 1a,b).
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Figure 1. SEM views of CoP coatings with the content of P of 11 (a), 8 (b), and 5 (c) wt.% deposited on
Cu surface. (a’-c’) The corresponding EDX spectra.

The composition of the coating elements deposited onto the Cu substrate surface was
determined by EDS analysis, the results of which are presented in Table 1. It can be observed that the
fabricated Co-P/Cu electrocatalysts exhibited a Co content of approximately 95.13-88.87 wt% and a
P content of approximately 4.87-11.13 wt%. The P content in the prepared catalysts was gradually
enhanced with an increase of NaH2PO: concentration from 0.75 M to 4.5 M in the plating bath.

Table 1. Composition of CoP coatings deposited on Cu surface by EDS analysis.

Element, wt%

Sample Co P
CoPs/Cu 95.13 4.87
CoPs/Cu 92.02 7.98
CoP11/Cu 88.87 11.13

The corresponding EDX spectra of all samples confirm the presence of Co and P in the coatings.

2.2. Electrocatalytic Activity towards HER

The electrocatalytic performance of the prepared catalysts for the hydrogen evolution reaction
(HER) was investigated by recording linear sweep voltammograms (LSVs) in 1.0 M KOH solution at
a potential scan rate of 2 mV-s from open circuit potential (OCP) up to -0.432 V (vs. reversible
hydrogen electrode (RHE)), at room temperature (Figure 2).

or > 0.16 |
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Figure 2. (a) HER polarization curves of the Co-P/Cu catalyst in N2-saturated 1 M KOH solution at a
potential scan rate of 2 mV s7; (b) The corresponding Tafel slopes. Bar columns of the corresponding
overpotentials (c) and Tafel slopes (d).

The summarized data for HER obtained on the Co-P/Cu catalysts are shown in Table 1.

Table 1. Summarized parameters for HER on Co-P/Cu catalysts in alkaline media.

Eonset, V at Tafel slope,
Sample j=-1mA cm? o, mV mV dec?!
Co-P/Cu (5wt% P) -0.118 182.9 59.1
Co-P/Cu (8 wt% P) -0.072 121.1 39.7
Co-P/Cu (11 wt% P) -0.068 115.4 40.3

" Overpotential at 10 mA cm2.

As can be seen in Figure 2a, the catalyst activity for HER depends on the P content of the catalyst.
The Co-P coating with the 11 wt% of P exhibited the lowest overpotential value of 115.4 mV for the
HER to obtain a current density of 10 mA cm= compared to the Co-P coatings with 8 wt% (121.5 mV)
and 5 wt% (182.9 mV) of P (Figure 2c). The reaction kinetics and mechanism of the as-prepared
catalysts can be evaluated based on Tafel slopes. The plot of overpotential (1) versus log j represents
the Tafel slope (Figure 2d). The calculated Tafel slopes were in the range from ca. 39.7 to 59.1 mV dec
1, indicating that HER might occur through the Volmer-Heyrovsky mechanism - which is for water
molecules or Hz to adsorb onto an electrode to generate MHads species.

2.3. Electrocatalytic Activity towards OER

The activity for OER of Co-P/Cu catalysts was also evaluated. The obtained data are given in
Figure 3 and Table 2. As can be seen from the LSVs recorded on Co-P/Cu catalysts with different
content of P in a 1 M KOH solution, the lowest OER overpotential (394 mV) was observed for the Co-
P coating with the 8 wt% of P to obtain a current density of 10 mA c¢cm™ as compared to the Co-P
coatings with 5 wt% (416 mV) and 11 wt% (432 mV) of P. The Tafel slope of Co-P/Cu catalysts ranged
from 75.2 to 82.8 mV dec™ indicating superior OER kinetics (Table 2).
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Figure 3. (a) OER polarization curves of the Co-P/Cu catalyst in N2-saturated 1 M KOH solution at a
potential scan rate of 2 mV s7; (b) The corresponding Tafel slopes. Bar columns of the corresponding
overpotentials (c) and Tafel slopes (d).
Table 2. Electrochemical performance of Co-P/Cu catalysts for OER in alkaline media.
Eonset, Vatj=1 . R ) Tafel slope,
Sample mA cm? Tonset, MV E,Vatj=10 mA cm N, mV mV dect
Co-P/Cu (5 wt% P) 1.571 341 1.646 416 752
Co-P/Cu (8 wt% P) 1.546 316 1.624 394 779
Co-P/Cu (11 wt% P) 1.576 346 1.662 432 82.8

* Overpotential at 10 mA cm™.

Electrochemically active surface areas (ECSAs) of Co-P/Cu catalysts were determined from the
measurements of electrochemical double-layer capacitance (Ca). The CV curves were recorded at
different scan rates under the non-faradic region (Figure 4a—c), followed by the calculation of the
slope of the curve obtained by plotting the difference in anodic and cathodic current versus scan rate
(Figure 4d). The Ca was found to be 3488.9, 3379.1, and 9716.9 uF for Co-P/Cu (5 wt% P), Co-P/Cu (8
wt% P), and Co-P/Cu (11 wt% P) (Figure 4d), whereas the calculated ECSA values were 87.2, 84.5,
and 242.9 cm? for Co-P/Cu (5 wt% P), Co-P/Cu (8 wt% P), and Co-P/Cu (11 wt% P), respectively. The
higher ECSA of Co-P/Cu (11 wt% P) than Co-P/Cu (8 wt% P), and Co-P/Cu (5 wt% P) represents the
higher number of active sites and, consequently the higher electrocatalytic activity of this catalyst for
HER and OER.
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Figure 4. CVs of (a) Co-P/Cu (5 wt% P), (b) Co-P/Cu (8 wt%), and (c) Co-P/Cu (11 wt%) in N2-saturated
1 M KOH in the non-faradaic potential region at different scan rates. (d) Capacitive current as a

function of scan rate.

Additionally, the Co-P/Cu (11 wt% P) catalyst was investigated using an accelerated degradation
test (ADT) by recording 1000 cycles at a higher scan rate of 400 mV s in Nz-saturated 1 M KOH
solution. The inset in Figure 5 shows the initial LSV and LSV after 1000 cycles recorded at 2 mV s.
A very slight decrease was observed in the performance after 1000 cycles at a current density of 10
mA cm?, indicating high stability for HER (the inset of Figure 5). Moreover, the SEM images present
that the surface morphology is well-maintained without the catalyst separating from the substrate
after the ADT test, indicating good adhesion (the insets of Figure 5c). Additionally, after the ADT
test, the chronoamperometric curve was recorded at a constant potential of —0.261 V for 15 hours on
Co-P/Cu (11 wt% P) (Figure 5). The Co-P/Cu catalyst containing 11 wt% of P possessed excellent
stability with nearly an increase in current density over 15 hours of operation.
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Figure 5. (a) Chronoamperometric curve of the Co-P/Cu (11 wt% P) catalyst in N2-saturated 1 M KOH
solution at a constant potential of -0.261 V for 15 hours. The insets show SEM views of the initial and
after the 1000 cycles test of the same catalyst.

To confirm the bifunctional activity of the Co-P/Cu catalysts for overall water splitting, both
cathodic (HER) (Figure 2a) and anodic (OER) (Figure 3a) polarization curves were replotted and are
shown in Figure 4a.

The potential difference (Anw) between HER and OER current density of +10 mA cm (1'%kr —
n'°uer) for Co-P/Cu catalysts with the content of P of 5 wt% (Co-Ps/Cu), 8 wt% (Co-Ps/Cu), and 11 wt%
(Co-P11/Cu) represent an expected full-cell potential window. The calculated values of full-cell
potential Anio delivered from the corresponding HER and OER polarization curves are 1.83 V for Co-
Ps/Cu, 1.74 V for Co-Ps/Cu, and 1.78 V for Co-P11/Cu (Figure 6a). The obtained values suggest the
potential application of catalysts for a practical overall water splitting (OWS) device in an alkaline
electrolyte, employing the same electrode materials as both the anode and the cathode. The overall
catalytic performance in a two-electrode alkaline electrolyzer cell configuration using the same
catalysts as both the anode and the cathode - Co-Ps/CullCo-Ps/Cu, Co-Ps/CullCo-Ps/Cu, and Co-
P1/CullCo-P11/Cu is presented in Figure 6b. The developed Co-Ps/Cu, Co-Ps/Cu, and Co-P11/Cu
electrodes exhibit cell potentials of 1.850 V, 1.835, and 1.828 V, respectively, at 10 mA cm2 (Figure 6b)
comparable to other cell potential values reported in the literature - CoP/rGO-400 | CoP/rGO-400 (1.70
V) [56], Co-P/NC/CCICo-P/NC/CC (1.77 V) [57], Co-P/NC-CCIICo-P/NC-CC (1.95 V) [57], and
Co(OH)2@eNCNTs@NF I Co(OH):@NCNTs@NF (1.72 V) [44] as well as is comparable with the
Pt/ClIrOz (1.71 V) and Pt/CIIPt/C (1.83 V) [56]. The calculated energy efficiencies of the Co-Ps/Cu, Co-
Ps/Cu, and Co-P11/Cu cells are 66.49%, 67.03%, and 67.29%, respectively.
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Figure 6. (a) Predicted bifunctional activity of Co-P/Cu catalysts: values of full-cell potential Ano
calculated from the difference between overpotential values (i) at +10 mA cm™ obtained from the
corresponding HER and OER LSVs in Figure 2a and 3a. (b) LSVs for different Co-P/Cu catalysts as
both anode and cathode electrocatalytic water splitting in 1 M KOH solution. (c¢) Photograph of OWS
on Co-P/Cu as cathode and anode electrode.
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3. Materials and Methods
3.1. Chemical Reagents

Cobalt(Il) sulfate CoSO+7H20 (99.5%, Chempur), sodium hypophosphate (NaH2POz, 97%, Alfa
Aesar), glycine (NH2CH2COOH, 99%, Chempur), palladium(Il) chloride PdClz (59.5%, Alfa Aesar),
hydrochloric acid (HCl, 35-38%, Chempur), potassium hydroxide KOH (98.8%, Chempur), Cu sheets
(99%, Goodfellow), calcium magnesium oxide, known as “Vienna Lime” (50%-100%, Kremer
Pigments GmbH & Co. KG, Aichstetten, Germany). All the chemicals were analytical grade and used
without any further purification. The electrolytes were prepared using deionized water from a
Millipore Milli-Q Ultra system with a resistivity of 18.2 MW-cm or greater.

3.2. Preparation of Co-P/Cu Catalysts

In this study, a Cu sheet with an exposed surface area of 1 x 1 cm was utilized as a substrate for
the preparation of Co-P coatings by the electroless plating method (Figure xa).

(b)

Figure 7. The digital photographs of the copper sheet sample both before (a) and after it has been
plated in a Co-P plating solution for 10 minutes (b). The digital photograph of the Co-P coating plating
solution is shown in (c).

The electroless plating process for the CoP coatings includes steps like treating the substrate first,
decapitating it, activating it, and plating it (Figure 8).

Electroless Deposition of Co-P coatings

Cu Sheet
(1x1 cmz) Co-P/Cu

Decapitation, 1 min

| HCI:H,0 (1:1)
Activation, 1 min

0.5 g/l PdCl,

Figure 8. The electroless deposition scheme of CoP coatings on the Cu surface.

Briefly, the Cu sheets were pre-treated with calcium magnesium oxide, followed by rinsing with
deionized water. Next, the sheet was treated in a solution of HCI : H20 (1 : 1 vol) for 1 min at 25°C.
This process was carried out to remove any residual inorganic impurities. It was then rinsed with
distilled water and dried. Subsequently, the pre-treated Cu sheet was immersed in a solution of 0.5 g
L1 PAClL for 1 min for activation, following which it was washed with deionized water before the
electroless deposition, dried and placed in a freshly prepared electroless plating solution containing
0.1 M CoSOs4, 0.6 M NH2CH2COOH, and 0.75-4.5 M NaH:PO: (pH 11). The plating bath operated at a
temperature of 80 °C for 10 minutes. Then, the obtained Co-P/Cu sample (Figure 7b) was taken out,
rinsed with deionized water, air-dried, and used without further treatment.

3.3. Characterization of Catalysts

A TM4000Plus scanning electron microscope with an AZetecOne detector (Hitachi, Tokyo,
Japan) was used for the characterization of the sample’s morphology and the distribution of elements.
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3.4. Evaluation of Catalysts Activity for HER and OER

The electrocatalytic activity of cobalt-phosphorus electrocatalysts towards HER and OER was
evaluated by linear sweep voltammetry (LSV). This was conducted using a PGSTAT100
potentiostat/galvanostat (Metrohm Autolab B. V., Utrecht, The Netherlands) with a standard three-
electrode electrochemical cell. The fabricated Co-P/Cu catalysts, with a geometric area of 2 cm?, were
employed as working electrodes. A Pt sheet was used as a counter electrode, and an Ag/AgCl (3 M
KClI) electrode was used as a reference. All reported potential values in this work were converted to
the reversible hydrogen electrode (RHE) scale under the following equation 9:

ERrHE = Emeasured + 0.059-pH + Eag/agci 3 Mka) 9)

where Eagiagaemkay =0.210 V.

Linear sweep voltammograms (LSVs) were recorded in an Ne-saturated 1 M KOH solution at
room temperature. HER and OER polarization curves were obtained by measuring from the open
circuit potential (OCP) to -0.432 V (vs. RHE) and from the OCP to 2.068 V (vs. RHE), respectively, at
a potential scan rate of 2 mV s1. Additionally, to evaluate the long-term stability of the fabricated
catalysts, the chronoamperometric curve was recorded at a constant potential of —0.261 V in 1.0 M
KOH solution for 15 hours. The HER and OER current densities presented in this paper have been
scaled to the geometric area of the catalysts.

Tafel slopes were determined from the following equation 10 [58]:

n=">b-logj/jo (10)

where 7 is the overpotential, b is the Tafel slope, j is the experimental current density, and jo is the
exchange current density. The plot of 17 versus log j represents the Tafel slope.

To evaluate the ECSA of catalysts, the double layer capacitance (Ca) was determined by
recording CVs at various scan rates under the non-faradaic region followed by the calculation of the
slope of the curve obtained by plotting the difference in anodic and cathodic current against the scan
rate [59-61]. From the CVs, the charging current, I, of the electrodes at each scan rate was determined
via Equation (11):

Ic [A] = (Ianodic_lcathodic)OCP (1 1 )

Ca values were evaluated by plotting a graph of charging current vs. scan rate and calculating
the slope, as shown by Equation (12):

Slope = Cai [F] = Alc [A]/Av [V s1] (12)

Then, the ECSA values were calculated using the specific capacitance (Cs) of 40 pF cm=2 [59-61]
and Equation (13):

ECSA [cm?] = Car [uF]/Cs [UF cm™] (13)

The accelerated degradation test (ADT) was performed for 1000 cycles at a constant scan rate of
400 mV s7, after which the stable polarization curves were recorded at 2 mV s for comparison with
the initial curve.

Two-electrode water electrolysis cell was constructed using two of the same CoP/Cu electrodes
as the anode and the cathode. The energy efficiency of the cell was calculated using the following
equation 14:

TNelectrolyzer = Eth/Ve atj (14)
where Ewn=1.23 V; Veatjis the input voltage required to drive the electrolysis at the current density of
interest. The energy efficiency calculated in this study was obtained at j =10 mA cm=2.

5. Conclusions

The simple and inexpensive electroless metal deposition method was used for the preparation
of efficient CoP/Cu catalysts for HER and OER. Using sodium hypophosphite as the reducing agent,
the CoP coatings with P contents of 5, 8, and 11 wt% were deposited on the Cu substrate. The

d0i:10.20944/preprints202411.0177.v1
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performance of the CoP coatings for the HER and OER was evaluated by linear sweep voltammetry
in 1 M KOH solution.

It was found that the CoP coating with the 11 wt% of P exhibited the lowest overpotential value
of 115.4 mV for the HER to obtain a current density of 10 mA cm? compared to the Co-P coatings
with 8 wt% (121.5 mV) and 5 wt% (182.9 mV) of P. On the other hand, the lowest OER overpotential
(394 mV) was observed for the Co-P coating with the 8 wt% of P to obtain a current density of 10 mA
cm? as compared with the Co-P coatings with 5 wt% (416 mV) and 11 wt% (432 mV) of P. The
obtained catalysts seem to be suitable candidates for HER and OER in alkaline media.

It was found that the lowest cell potential of 1.828 V at 10 mA cm was achieved by employing
the developed Co-P/Cu catalyst with the highest P content of 11 wt% as the anode and the cathode
(Co-P1/CullCo-P11/Cu). The exploration of the bifunctional electrocatalysts for overall water splitting
by Co-P/Cu provides insights into the future design of non-noble metal electrocatalysts for the
production of hydrogen via electrochemical water splitting.
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