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Abstract: In this study, cobalt-nickel (Co-Ni), cobalt-iron (Co-Fe), cobalt-iron-manganese (Co-Fe-Mn),
cobalt-iron-molybdenum (Co-Fe-Mo), and cobalt-zinc (Co-Zn) coatings were studied as catalysts
towards the evolution of hydrogen (HER) and oxygen (OER). The binary and ternary Co coatings
were deposited on a copper surface using the electroless metal plating technique and morpholine
borane (MB) as a reducing agent. The as-deposited Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn
coatings produce compact and crack-free layers with typical globular morphology. It was found
that the Co-Fe-Mo coating gives the lowest overpotential of 128.0 mV for the HER and the lowest
overpotential of 455 mV for the OER to achieve a current density of 10 mA cm−2. The HER and
OER current density values increase 1.4–2.0 times with an increase in temperature from 25 ◦C to
55 ◦C using the prepared 3D binary or ternary cobalt coatings for HER and OER. The highest mass
electrocatalytic activity of 1.55 mA µg−1 for HER and 2.72 mA µg−1 for OER was achieved on the
Co-Fe coating with a metal loading of 28.11 µg cm−2 at 25 ◦C.

Keywords: cobalt; nickel; iron; manganese; molybdenum; hydrogen evolution; oxygen evolution

1. Introduction

Population growth leads to the depletion of natural resources, which is causing an
energy crisis. This problem has attracted a lot of attention for producing new and promising
alternatives. Electrochemical water splitting is one of the alternative methods that can
be used to solve energy problems due to its safety, cleanliness, and simplicity of the
process [1,2]. Produced hydrogen (H2) from electrochemical water splitting is like green
energy; it does not involve carbon and can keep a greater energy capacity. As such, it can
be seen as the up-and-coming nominee for a potential energy resource [3–8]. Hydrogen
obtained using electrochemical water splitting is especially clean compared to hydrogen
produced by the steam reforming process, and it is one of the most desirable alternatives to
fossil fuels [9].

For more than half a century, many researchers have been looking for novel effective
materials to produce H2 from water-splitting electrolysis. Noble metals, such as Pt, Au, Ru,
and Pd, have been shown to have good electrocatalytic activity in water-splitting reactions.
The noble metals have available empty d orbitals and enhance the electric properties, such
as high electric current and electrons mobility, leading to increasing H2 evolution. However,
noble metal catalysts are rare and expensive. For this reason, researchers tend to focus
on cheaper alternatives to replace noble metal catalysts. Up to now, many water-splitting
catalysts have been developed, such as transition metals [10–27], metal-oxides [13,16,17],
metal-nitrides [19,20,23,24], metal–sulfides [10–12,18], metal–hydroxides [28–30], and al-
loys [31–36]. Many catalysts have been investigated, and researchers are still looking for
catalyst fabrication methods to increase the catalyst activity for HER and OER. For example,
researchers currently are designing special coatings to expose more active sites by using a
conductive substrate to increase the overall conductivity, doping some atoms to optimize
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the structure of the active center, and performing electrochemical activation to construct a
new active phase. These works mainly aim to find more active catalysts for water-splitting
electroactivity.

As mentioned above, electrochemical water–splitting can be performed by two half–
reactions: HER at the cathode [37] and OER at the anode [38]. The HER is based on
the formation of H2 molecules on the cathode in acidic or alkaline solutions. In gen-
eral, there are three steps for H2 production from water splitting in an alkaline solution
(Equations (1)–(3)):

M + H2O + e− ↔MHads + OH− (Volmer reaction, b ~ 120 mV dec−1) (1)

MHads + H2O + e− ↔ H2 + M + OH− (Heyrovsky reaction, b ~ 40 mV dec−1) (2)

MHads + MHads ↔ H2 + 2M (Tafel reaction, b ~ 30 mV dec−1) (3)

The first step is called the Volmer reaction, which is for water molecules or H2 to
adsorb onto an electrode to generate MHads species (Equation (1)), and the next is to
generate H2 gas through the Heyrovsky or Tafel step (Equations (2) and (3)).

Another OER reaction occurring on the anode also needs effective and low-cost
catalysts. Many researchers have focused on developing and designing catalysts with high
activity, examining their long-term stability in alkaline environments. Usually, the OER
process involves a complex four-electron-proton coupling reaction. Thus, OER requires a
larger overpotential, which leads to OER being a key step in water splitting [39,40].

It is known that noble metals are the most efficient metal catalysts, showing excellent
catalytic performance in producing high cathodic and anodic currents in acidic or alkaline
electrochemical water splitting. Many researchers have focused on developing novel
alternative catalysts that are cheaper and more abundant than noble metals. In this context,
cobalt (Co) binary and ternary coatings with metals such as nickel (Ni), zinc (Zn), iron (Fe),
manganese (Mn), tungsten (W), and molybdenum (Mo) have been investigated for their
suitability as electrode material for electrochemical water splitting, i.e., HER and OER, or
for both [35,38,41–47]. They are potential candidates with the extra benefit of low cost in
manufacturing. It was demonstrated that binary or ternary coatings have high efficiency for
water-splitting reactions as electrocatalysts [47]. Despite some significant breakthroughs,
we still have many challenges to overcome in the future (descriptors of catalytic activity in
alkaline solution; many substances have an amorphous structure which needs to change
to crystalline, which shows better catalytic activity; deactivation of catalysts and other
problems). Accordingly, we investigated the possibilities of using the binary and ternary
Co coatings, i.e., Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn, deposited on the copper
(Cu) substrate using a low-cost electroless metal plating method as electrocatalysts for HER
and OER.

2. Results and Discussion
2.1. Characterization of Coatings

In this study, 3D binary or ternary cobalt coatings (Co-Ni, Co-Fe, Co-Zn, Co-Fe-
Mn, and Co-Fe-Mo) were evaluated as electrocatalysts for HER and OER in an alkaline
medium. These Co-based coatings were plated on a Cu surface using an electroless metal
deposition technique and morpholine borane (MB) as a reducing agent. The coatings’
surface morphology was studied by scanning electron microscopy. Figure 1 shows SEM
images of the prepared Co-Ni (a), Co-Fe (b), Co-Fe-Mn (c), Co-Fe-Mo (d), and Co-Zn (e)
coatings under different magnifications. The surface morphology of coatings is observed to
be compact and crack-free (Figure 1a–e). The top side views of Co coatings in Figure 1a–e
show a typical globular morphology consisting of larger nodulus in the average size range
of ca. 1.2–1.4, 0.6–1.0, 0.8–1.2, 1.2–1.4, and 0.8–1.0 µm for Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-
Mo, and Co-Zn, respectively, while the ones consisting of smaller nodulus are in size range
of ca. 0.08–0.17 µm.
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and Co-Zn (e,e’) coatings on Cu surfaces under different magnifications. 

The data of ICP-OES analysis of deposited Co binary and ternary coatings are given 
in Table 1. The Co coatings were prepared with different amounts of Co. The amount of 
Co in the Co-Ni and Co-Fe coatings was ca. 47 and 42 at.%, respectively, whereas in the 
Co-Zn coating, the Co amount is significantly higher and reaches ca. 94 at.%. In the case 
of Co-Fe-Mn and Co-Fe-Mo coatings, the amount of Co significantly differs and is equal 
to ca. 28 and 86 at.%, respectively. The same observation was seen for the Fe amount in 
those coatings. A higher amount of ca. 71 at.% of Fe was deposited in the Co-Fe-Mn coat-
ing, and only ca. 8 at.% of Fe was incorporated in the Co-Fe-Mo coating. Additionally, the 
amounts of Mn and Mo of ca. 1 and 6 at.% were incorporated in the Co-Fe-Mn and Co-Fe-
Mo coatings. 

Table 1. ICP-OES results of the studied coatings. 

Coating 
At. % 

Total Metal Loading (µg cm−2) 
Co Ni Fe Zn Mn Mo 

Co-Ni 47.22 52.78     526.45 
Co-Fe 42.54  57.46    28.11 

Co-Fe-Mn 28.07  70.83  1.09  40.58 
Co-Fe-Mo 86.36  7.90   5.74 868.05 

Co-Zn 93.71   6.29   351.04 

The total metals loadings (µg cm−2) in the prepared coatings were also quite different, 
varying from 28 up to 868 µg cm−2. Fe ions were found to limit the rate of the electroless 
deposition of the Co-Fe and Co-Fe-Mn coatings. In the case of Co-Fe-Mo, the addition of 
Mo(VI) ions into the plating solution increases the coating deposition rate, but the concen-
tration of Mo(VI) ions should be low (~1 mM). 

The structure of Co binary and ternary coatings was evaluated using X-ray diffrac-
tion. XRD patterns of Co binary and ternary coatings were deposited on a Cu substrate 
with a cubic structure (ICDD #00-004-0836). Cu peaks at 2θ = 43.3° (111 planes), 50.43° 
(200), and 74.13° (220) are seen in all XRD patterns (Figure 2). 

Co-Zn 

μm
0.0 0.4 0.8 1.2 1.6

Co
un

t

0

5

10

15 CoZn

Figure 1. SEM images of as-prepared Co-Ni (a,a’), Co-Fe (b,b’), Co-Fe-Mn (c,c’), Co-Fe-Mo (d,d’),
and Co-Zn (e,e’) coatings on Cu surfaces under different magnifications.

The data of ICP-OES analysis of deposited Co binary and ternary coatings are given
in Table 1. The Co coatings were prepared with different amounts of Co. The amount
of Co in the Co-Ni and Co-Fe coatings was ca. 47 and 42 at.%, respectively, whereas in
the Co-Zn coating, the Co amount is significantly higher and reaches ca. 94 at.%. In the
case of Co-Fe-Mn and Co-Fe-Mo coatings, the amount of Co significantly differs and is
equal to ca. 28 and 86 at.%, respectively. The same observation was seen for the Fe amount
in those coatings. A higher amount of ca. 71 at.% of Fe was deposited in the Co-Fe-Mn
coating, and only ca. 8 at.% of Fe was incorporated in the Co-Fe-Mo coating. Additionally,
the amounts of Mn and Mo of ca. 1 and 6 at.% were incorporated in the Co-Fe-Mn and
Co-Fe-Mo coatings.

Table 1. ICP-OES results of the studied coatings.

Coating
At. %

Total Metal Loading (µg cm−2)
Co Ni Fe Zn Mn Mo

Co-Ni 47.22 52.78 526.45
Co-Fe 42.54 57.46 28.11

Co-Fe-Mn 28.07 70.83 1.09 40.58
Co-Fe-Mo 86.36 7.90 5.74 868.05

Co-Zn 93.71 6.29 351.04

The total metals loadings (µg cm−2) in the prepared coatings were also quite different,
varying from 28 up to 868 µg cm−2. Fe ions were found to limit the rate of the electroless
deposition of the Co-Fe and Co-Fe-Mn coatings. In the case of Co-Fe-Mo, the addition
of Mo(VI) ions into the plating solution increases the coating deposition rate, but the
concentration of Mo(VI) ions should be low (~1 mM).

The structure of Co binary and ternary coatings was evaluated using X-ray diffraction.
XRD patterns of Co binary and ternary coatings were deposited on a Cu substrate with a
cubic structure (ICDD #00-004-0836). Cu peaks at 2θ = 43.3◦ (111 planes), 50.43◦ (200), and
74.13◦ (220) are seen in all XRD patterns (Figure 2).

It can be stated that the crystalline peaks for Co-Fe and Co-Fe-Mn are not seen in the
corresponding XRD patterns (Figure 2a). Since the electroless deposition of Co-Fe solid
solution on the Cu substrate is slow, the hydrogen released during the process can lead to
the formation of unstable CuH, which decomposes over time (or heating) [48]. The possible
formation of CuH interfered with the formation of the Co-Fe solid solution. In the XRD
pattern for the as-deposited Co-Fe coating (Figure 2c), a broad XRD peak at 40.5◦ related
to the formation of CuH (ICDD #04-021-7878) is visible. After recording the XRD pattern
for the same sample after two weeks of exposure, the mentioned peak can no longer be
detected, which confirms the unstable CuH compound’s possible formation during the
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Co-Fe coating’s electroless deposition. Moreover, the shift of the Cu (220) peak in the XRD
pattern for Co-Fe coating (Figure 2a) is likely due to the roughness of the Cu substrate.
Regarding the XRD patterns recorded by the grazing incidence X-ray diffraction method
(grazing incidence angle = 0.5 deg.), peaks of Cu (220) may have appeared due to the
non-ideal smooth/flat surface of the Cu base (the shifts are especially evident at larger 2θ
angles). Co-Fe and Co-Fe-Mn coatings are very thin, so the shift of peak is not affected by
the Cu surface (especially at large 2θ angles). Notably, Cu substrate peaks are not intense
in the XRD patterns for Co-Zn, Co-Fe-Mo, and Co-Ni (Figure 2b), since the thicker coatings
were deposited on the Cu substrate. The XRD peaks at ca. 2θ = 44.5 ◦ for Co-Zn, Co-Fe-Mo,
and Co-Ni coatings are wide, indicating a fine crystallinity (0.5-1.5 nm) of the coatings
(Figure 2b). Those peaks can be attributed to consisting of a solid solution of Co with Fe,
Zn, or Ni: Co0.75Fe0.25 (ICDD #04-003-3891), Co2.37Zn2.63 (ICDD #01-084-3248), and Co-Ni
(ICDD #01-082-3072).
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2.2. Electrocatalytic Activity of Coatings for HER

The activity of the prepared catalysts for HER was investigated by recording linear
sweep voltammograms (LSVs) in a 1 M KOH solution at a potential scan rate of 5 mV s–1

from open-circuit potential (OCP) up to −0.45 V at a temperature from 25 up to 55 ◦C
(Figure 3).
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Figure 3. HER polarization curves of five studied coatings at 5 mV s−1 potential scan rate in 1 M
KOH at different temperatures (25–55 ◦C): (a) Co-Ni, (b) Co-Fe, (c) Co-Fe-Mn, (d) Co-Fe-Mo, and
(e) Co-Zn.

As evident from LSVs for all studied coatings, the obtained current densities at−0.45 V
increase with the increase in temperature. Onset potential (Eonset) values for HER are
shifted to more positive potential values with the increase in temperature for Co-Ni coating
(Figure 3a). Co-Ni achieved the highest current density (j), followed by Co-Fe-Mo, Co-Zn,
and Co-Fe coatings, and then by Co-Fe-Mn with notably lower current density during HER
(Figure 3). The current density increases 1.4–2.0 times with an increase in temperature from
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25 ◦C to 55 ◦C using the prepared different 3D binary or ternary cobalt coatings for HER.
For instance, the current densities of −74.08, −73.91, −46.86, −43.56, and −34.88 mA cm−2

were reached at −0.45 V using Co-Ni, Co-Fe-Mo, Co-Zn, Co-Fe, and Co-Fe-Mn coatings,
respectively, at 25 ◦C (Figure 4a and Table 2).
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Figure 4. (a) LSVs of Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn coatings recorded in 1 M KOH
at 25 ◦C temperature at a potential scan rate of 5 mV s−1. (b) represents the corresponding Tafel plots.

Table 2. Electrochemical parameters for HER obtained on investigated cobalt coatings.

Coating
j (mA cm−2) at Different Temperatures (◦C) at −0.45V j (mA µg−1)

at 25 ◦C
η10 * (mV) at

25 ◦C
Tafel Slope
(mV Dec−1)25 35 45 55

Co-Ni –74.08 –101.52 –128.07 –149.19 0.14 –324.1 130
Co-Fe –43.56 –51.80 –60.70 –67.35 1.55 –299.7 172

Co-Fe-Mn –34.88 –43.87 –51.96 –59.52 0.86 –304.6 171
Co-Fe-Mo –73.91 –81.44 –92.80 –102.86 0.09 –128.0 297

Co-Zn –46.86 –56.49 –59.92 –65.48 0.13 –259.2 178

* Overpotential (mV) at 10 mA cm−2.

The possible kinetics of HER reaction on the Co-based coatings were investigated
using Tafel plots. The Tafel equation (Equation (4)) was used for the determination of the
kinetic parameters for the HER:

η = a + blogj, (4)

where η (V), b (V dec−1), j (A cm−2), and a (V) represent the applied overpotential, the
Tafel slope, the resulting current density, and the curve intercept, respectively. Tafel slope
values were found to be 130, 172, 171, 297, and 178 mV dec–1 (Figure 4b and Table 2) for
the prepared 3D structured Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn 3D coatings,
respectively, implying that HER might occur through the Volmer–Heyrovsky mechanism.
The overpotential to reach a current density of 10 mA cm−2 (η10) was found to be 128.0 mV
for Co-Fe-Mo and increased in the order Co-Zn (259.2 mV) < Co-Fe (299.7 mV) < Co-Fe-Mn
(306.4 mV) < Co-Ni (324.1 mV) (Table 2).

2.3. Electrocatalytic Activity of Coatings for OER

The activity of the prepared 3D binary or ternary Co coatings for OER was also
thoroughly examined in alkaline media (1 M KOH). LSVs were recorded in a 1 M KOH
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solution at a potential scan rate of 5 mV s–1 from open-circuit potential (OCP) up to +2.05 V
vs. RHE in the temperature range of 25–55 ◦C. OER LSVs of Co-Ni, Co-Fe, Co-Fe-Mn,
Co-Fe-Mo, and Co-Zn coatings are presented in Figure 5, where it can be observed that the
highest current density was achieved for the Co-Fe-Mo coating (Figure 5d).
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Figure 5. OER LSVs of Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn coatings recorded in 1 M
KOH at different temperatures (25–55 ◦C) at a potential scan rate of 5 mV s−1: (a) Co-Ni, (b) Co-Fe,
(c) Co-Fe-Mn, (d) Co-Fe-Mo, and (e) Co-Zn.

The current density increases by 1.5–1.9 times with an increase in temperature from
25 ◦C to 55 ◦C using the 3D structured Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn
coatings for OER. The lowest potential to reach a current density of 10 mA·cm−2 was
found for Co-Fe-Mo (1.685 V), followed by a slight increase in the following order: Co-
Fe-Mn (1.700 V), Co-Fe (1.737 V), Co-Zn (1.760 V), and Co-Ni (1.760 V) coatings (Table 3).
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Furthermore, current density values of 50 mA·cm−2 at 25 ◦C (Figure 6) were attained at
potential values increasing in the following order: Co-Fe-Mo (1.887 V) < Co-Fe (1.923 V) <
Co-Ni and Co-Fe-Mn (1.952 V) < Co-Zn (2.007 V). OER LSVs (Figure 6a) were then further
used for constructing the Tafel plots and calculating the Tafel slope (Figure 6b). The lowest
Tafel slope value of 54 mV dec−1 was found for OER at Co-Fe-Mn. Higher values of 77,
77, 81, and 91 mV dec−1 were determined for OER at Co-Fe-Mo, Co-Zn, Co-Ni, and Co-Fe,
respectively (Figure 6b and Table 3).

Table 3. Electrochemical parameters for OER obtained on investigated cobalt coatings.

Coating
j (mA cm−2) at Different Temperature (◦C) at +2.05 V j (mA µg−1)

at 25 ◦C
η10 * (V) at

25 ◦C
Tafel Slope
(mV) Dec−125 35 45 55

Co-Ni 75.19 94.07 116.83 143.14 0.14 1.760 81.00
Co-Fe 76.55 93.93 113.22 128.31 2.72 1.737 91.00

Co-Fe-Mn 65.99 73.59 88.35 105.22 1.63 1.700 54.00
Co-Fe-Mo 84.97 93.75 114.47 141.54 0.10 1.685 77.00

Co-Zn 56.17 68.36 74.78 88.42 0.16 1.760 77.00

* Potential (V) at 10 mA cm−2.

Batteries 2022, 8, x FOR PEER REVIEW 9 of 14 
 

The current density increases by 1.5–1.9 times with an increase in temperature from 
25 °C to 55 °C using the 3D structured Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn 
coatings for OER. The lowest potential to reach a current density of 10 mA·cm−2 was found 
for Co-Fe-Mo (1.685 V), followed by a slight increase in the following order: Co-Fe-Mn 
(1.700 V), Co-Fe (1.737 V), Co-Zn (1.760 V), and Co-Ni (1.760 V) coatings (Table 3). Fur-
thermore, current density values of 50 mA·cm−2 at 25 °C (Figure 6) were attained at poten-
tial values increasing in the following order: Co-Fe-Mo (1.887 V) < Co-Fe (1.923 V) < Co-
Ni and Co-Fe-Mn (1.952 V) < Co-Zn (2.007 V). OER LSVs (Figure 6a) were then further 
used for constructing the Tafel plots and calculating the Tafel slope (Figure 6b). The lowest 
Tafel slope value of 54 mV dec−1 was found for OER at Co-Fe-Mn. Higher values of 77, 77, 
81, and 91 mV dec−1 were determined for OER at Co-Fe-Mo, Co-Zn, Co-Ni, and Co-Fe, 
respectively (Figure 6b and Table 3). 

E / V (RHE)
1.4 1.6 1.8 2.0

j /
 m

A
cm

-2

0

20

40

60

80
Co-Ni
Co-Fe
Co-Fe-Mn
Co-Fe-Mo
Co-Zn

(a) 25 oC

log j / mA cm-2

-1.5 -1.0 -0.5 0.0 0.5

Ε 
/ V

 v
s. 

R
H

E

1.52

1.54

1.56

1.58

1.60

1.62

1.64

1.66

1.68
CoNi
Co-Fe
Co-Fe-Mn
Co-Fe-Mo
Co-Zn

81
 m

V dec
-1

91
 m

V dec
-1

77 
mV dec

-1

54 mV dec
-1

77
 m

V dec
-1

(b)

50 mA cm-2

10 mA cm-2

 
Figure 6. OER LSVs of Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn coatings recorded in 1 M 
KOH at 25 °C temperature at a potential scan rate of 5 mV s−1 (a). (b) represents the corresponding 
Tafel plots. 

Table 3. Electrochemical parameters for OER obtained on investigated cobalt coatings. 

Coating 
j (mA cm−2) at Different Temperature (°C) at +2.05 V j (mA µg−1) at 

25 °C 
η10 * (V) at  

25 °C 
Tafel Slope (mV) 

Dec−1 25 35 45 55 
Co-Ni 75.19 94.07 116.83 143.14 0.14 1.760 81.00 
Co-Fe 76.55 93.93 113.22 128.31 2.72 1.737 91.00 

Co-Fe-Mn 65.99 73.59 88.35 105.22 1.63 1.700 54.00 
Co-Fe-Mo 84.97 93.75 114.47 141.54 0.10 1.685 77.00 

Co-Zn 56.17 68.36 74.78 88.42 0.16 1.760 77.00 
* Potential (V) at 10 mA cm−2. 

The Co-Fe-Mo coating shows the best electrocatalytic performance for HER and OER 
among the Co-Ni, Co-Fe, Co-Fe-Mn, and Co-Zn coatings. It only needs 128 and 455 mV to 
achieve 10 mA cm−2 for HER and OER, respectively, which are significantly lower com-
pared with those for the Co-Fe coating. The addition of Mo to the Co-Fe coating results in 
higher activity of the Co-Fe-Mo coating compared to pure Co-Fe. This may be related to 
the multiple synergistic effects among components. 

In order to compare the electrocatalytic activity of these Co-based coatings, the cur-
rent density values were normalized in reference to the metals loadings for each catalyst 
to represent the mass activity of catalysts towards the HER and OER at a temperature of 
25 °C (Figure 7, Tables 2 and 3). The highest mass electrocatalytic activity for HER (1.55 

Figure 6. OER LSVs of Co-Ni, Co-Fe, Co-Fe-Mn, Co-Fe-Mo, and Co-Zn coatings recorded in 1 M
KOH at 25 ◦C temperature at a potential scan rate of 5 mV s−1 (a). (b) represents the corresponding
Tafel plots.

The Co-Fe-Mo coating shows the best electrocatalytic performance for HER and OER
among the Co-Ni, Co-Fe, Co-Fe-Mn, and Co-Zn coatings. It only needs 128 and 455 mV
to achieve 10 mA cm−2 for HER and OER, respectively, which are significantly lower
compared with those for the Co-Fe coating. The addition of Mo to the Co-Fe coating results
in higher activity of the Co-Fe-Mo coating compared to pure Co-Fe. This may be related to
the multiple synergistic effects among components.

In order to compare the electrocatalytic activity of these Co-based coatings, the current
density values were normalized in reference to the metals loadings for each catalyst to
represent the mass activity of catalysts towards the HER and OER at a temperature of 25 ◦C
(Figure 7, Tables 2 and 3). The highest mass electrocatalytic activity for HER (1.55 mA µg−1)
and OER (2.72 mA µg−1) shows the Co-Fe coating with a metal loading of 28.11 µg cm–2.
Co-Fe-Mo, Co-Ni, and Co-Zn coatings show similar mass activity for both reactions. Co-Fe
and Co-Fe-Mn coatings demonstrate ca. 19, 27, and 17 and 12, 16, and 10 times, respectively,
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higher mass activity for OER than Co-Ni (0.14 mA µg−1), Co-Fe-Mo (0.10 mA µg−1), and
Co-Zn (0.16 mA µg−1) coatings (Figure 7b, Table 3). In the case of HER, a higher mass
activity was also obtained using Co-Fe and Co-Fe-Mn coatings. Mass activities for HER
are ca. 11, 17, and 12 times higher for the Co-Fe coating as compared with those for Co-Ni,
Co-Fe-Mo, and Co-Zn, respectively (Figure 7a, Table 2). Furthermore, the Co-Fe-Mn coating
also exhibits ca. 6, 10, and 7 times higher mass activity for HER than those for Co-Ni,
Co-Fe-Mo, and Co-Zn, respectively (Figure 7a, Table 2).
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A comparison of HER and OER current densities generated using herein-tested Co-
based coatings in an alkaline medium with some of the transition metal-based electrodes
reported in the literature (Tables 4 and 5) demonstrates that the Co-based coatings ex-
hibit comparable overpotentials and Tafel slopes for HER, but manifest similar or lower
overpotentials and Tafel slopes for OER.

Table 4. Comparison of HER parameters generated on transition metal-based electrodes reported in
the literature with those on the investigated Co coatings in this study.

Catalyst η10 * (mV at 25 ◦C) Tafel Slope (mV Dec−1) Electrolyte Ref.

Co-Ni −324.1 130 1 M KOH This work
Co-Fe −299.7 172 1 M KOH This work

Co-Fe-Mn −304.6 171 1 M KOH This work
Co-Fe-Mo −128.0 297 1 M KOH This work

Co-Zn −259.2 178 1 M KOH This work
Co9S8-MoS2@3DC −177 84 1 M KOH [39]

Co3O4-CuO −288 65 1 M KOH [40]
CoP −163 51 1 M KOH [41]

Ni-Co alloy 86.7 69.8 1 M KOH [42]
Co3Mo −120 117 1 M KOH [49]

NiFe nanosheets −84 225 1 M KOH [50]
β-Ni(OH)2 −333 230 1 M KOH [51]

* Overpotential (mV) at 10 mA cm−2.
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Table 5. Comparison of OER parameters generated on transition metal-based electrodes reported in
the literature with those on the investigated Co coatings in this study.

Catalyst η10 * (mV at 25 ◦C) Tafel Slope (mV Dec−1) Electrolyte Ref.

Co-Ni 530 81.00 1M KOH This work
Co-Fe 507 91.00 1M KOH This work

Co-Fe-Mn 470 54.00 1M KOH This work
Co-Fe-Mo 455 77.00 1M KOH This work

Co-Zn 530 77.00 1M KOH This work
CoFeP 350 59 1M KOH [52]

CoFe2O4 560 182 1M KOH [52]
CoP 430 101 1M KOH [52]

NiCo2O4 470 89 0.1M KOH [53]
Co3O4 625 113 0.1M KOH [53]

β-Ni(OH)2 498 149 1M KOH [51]

* Overpotential (mV) at 10 mA cm−2.

3. Materials and Methods
3.1. Preparation of Coatings

Co binary and ternary coatings were deposited on copper (Cu) (1 × 1 cm) sheets
using an electroless plating bath containing metal salts, glycine (Gly), sodium acetate
(CH3COONa), and morpholine borane (MB) as a reducing agent. For Cu sheet activation
prior to deposition of coatings, a PdCl2 solution was used. The cleaned Cu sheets were
dipped in a solution containing 0.5 g L−1 PdCl2 for 5 s, rinsed with deionized water, and
placed into the plating bath. The composition of the plating bath and the deposition
parameters of different 3D binary or ternary Co coatings are shown in Table 6. The plating
time was the same for all coatings (30 min), whereas the temperature of plating baths
differed for each coating.

Table 6. Plating baths and coating parameters.

Coating

Composition of Plating Baths Plating
Conditions

Co2+

(M)
Ni2+

(M)
Fe2+

(M)
Mn2+

(M)
Zn2+

(M)
Mo6+

(M)
MB
(M)

Gly
(M)

CH3COO
(M) pH t (min) T (◦C)

Co-Ni 0.06 0.15 - - - - 0.05 0.2 0.04 7 30 30
Co-Fe 0.01 - 0.15 - - - 0.06 0.3 - 5 30 60

Co-Fe-Mn 0.07 - 0.15 0.05 - - 0.06 0.2 - 7 30 50
Co-Fe-Mo 0.01 - 0.15 - - 0.001 0.06 0.3 0.02 5 30 60

Co-Zn 0.07 - - - 0.02 - 0.06 0.2 - 7 30 45

3.2. Physical Characterization

The Co coatings surface morphology was characterized with SEM/FIB Workstation
Helios Nanolab 650 (FEI, Hillsboro, OR, USA). XRD patterns of coatings were measured
using an X-ray diffractometer SmartLab (Rigaku) using a graphite monochromator. The
measurements were performed using in grazing incidence (GID) step scan mode (the
incidence angle of the primary beam was 0.5◦).

The Co coatings composition was analyzed with the spectrometer Optima 7000DV
(Perkin Elmer, Waltham, MA, USA).

3.3. Electrochemical Measurements

The activity of Co binary and ternary coatings towards HER and OER was evaluated
by linear sweep voltammetry (LSV) using a potentiostat/galvanostat PGSTAT100 (Metrohm
Autolab B.V., Utrecht, The Netherlands) and a standard three-electrode electrochemical
cell. The prepared 3D binary or ternary Co coatings with a geometric area of 2 cm2

were used as the working electrodes. Counter and reference electrodes were a Pt sheet and
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Ag/AgCl/KCl (3 M KCl) electrode, respectively. LSVs were recorded using an N2-saturated
1 M KOH solution at the temperature range from 25 ◦C to 55 ◦C at a potential scan rate of
5 mV s−1. The current densities were normalized by the geometric area of the electrodes.

4. Conclusions

The electroless metal deposition has been used for the plating of the 3D binary or
ternary cobalt coatings on a copper surface. The surface morphology of Co-Ni, Co-Fe,
Co-Fe-Mn, Co-Fe-Mo, and Co-Zn coatings is compact and crack-free, with typical globular
morphology. The electroactivity of the prepared coatings towards the hydrogen and oxygen
evolution has been investigated in alkaline media. The lowest overpotential for the HER to
reach a current density of 10 mA cm−2 has been found to be 128.0 mV for the Co-Fe-Mo
coating. Furthermore, the lowest overpotential of 455 mV for the OER to reach 10 mA cm−2

also gives the Co-Fe-Mo coating. On the other hand, adding Mo to the Co-Fe coating results
in higher activity of the Co-Fe-Mo coating compared to pure Co-Fe.

The current density increases 1.4–2.0 times with an increase in temperature from 25 ◦C
to 55 ◦C using the prepared 3D binary or ternary cobalt coatings for HER and OER. The
highest mass electrocatalytic activity of 1.55 mA µg−1 for HER and 2.72 mA µg−1 for OER
has been achieved on the Co-Fe coating with a metal loading of 28.11 µg cm–2 at 25 ◦C.
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