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INTRODUCTION 

Energy security and uninterrupted energy supply have emerged as significant 

global concerns as the ever-increasing population growth and industrialization 

have resulted in the rapid depletion of natural resources. Limited fossil fuel-

driven energy sources have always been the backbone of early human 

civilization till today and after the industrial renaissance, the global energy 

demand is increasing exponentially [1]. Combustion of fossil fuels, e.g., coal, 

petroleum and natural gas emits millions of tons of carbon dioxide (CO2), 

carbon monoxide (CO), sulfur dioxide (SO2), nitrogen oxide gases (NOx) and 

methane (CH4) which are commonly known as greenhouse gases. The vast 

consumption of fossil fuels not only depletes the natural resources but also 

results in significant challenges for the existence of mankind as global 

warming, climate change, environmental pollution, the rise of sea level and 

other environmental complications are the consequential threats of the 

overconsumption of long-chained hydrocarbons. Moreover, the fossil fuel 

reserves are also very inadequate and geospecific, therefore, their drastic 

depletion could lead to energy shortfalls and geopolitical conflicts. Therefore, 

a surge in interest in alternative, environmentally friendly, and sustainable 

renewable energy sources has gained considerable attention over the last 

decades [2, 3]. 

In order to address both energy security and environmental sustainability 

by mitigating the emission of greenhouse gases, hydrogen (H2) can be 

considered as a key emerging substitute for fossil fuels which definitely can 

serve as the most promising energy source by means of highest gravimetric 

energy density (∼142 MJ kg−1) leaving zero carbon footprint, rich elemental 

abundance on earth and scalability [4, 5]. The sources of hydrogen are diverse, 

and hydrogen can be classified into three categories: green hydrogen, blue 

hydrogen, and gray hydrogen, according to the production technologies [6]. 

Grey hydrogen is the most common type of hydrogen produced mainly by 

steam methane reforming (SMR), whereas blue hydrogen is obtained via 

decarbonization of grey hydrogen by CCUS (carbon capture utilization and 

storage) technology. Zero to low-carbon green hydrogen production relies on 

water electrolysis powered by renewable sources, such as wind, solar, 

geothermal, and bioenergy, which can be considered as the most promising 

alternative to traditional fossil fuels for industrial-scale production of high-

purity hydrogen with zero carbon emissions [7]. The electrosynthesis of 

hydrogen through water splitting comprises two key half-reactions: the 

cathodic hydrogen evolution reaction (HER) and the anodic oxygen evolution 
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reaction (OER), whereas it requires ca. 9 L of pure water stoichiometrically to 

produce 1 kg of hydrogen [8, 9]. 

The electrocatalytic water splitting under standard conditions is 

thermodynamically unfavorable due to the four-electron transfer sluggish 

kinetics of OER, which contribute to relatively higher overpotentials and can 

be considered as the main bottleneck for the overall electrochemical water 

splitting [10]. The process of water electrolysis requires a minimum energy of 

39.4 kWh kg−1 to produce H2 at 100% efficiency, while a typical electrolyzer 

consumes up to 50 kWh to produce 1 kg of H2, although higher efficiencies 

can be achieved under extreme pressure and temperature conditions [11]. 

However, the oceanic seawater constitutes approximately 97.5% of the 

world’s total water reserve, and the availability of usable freshwater resources 

remains a significant challenge for the advancement of electrolyzer 

technology due to increasing global population growth associated with the 

demands of modern living standards. Practical, realistic water splitting can 

only be possible by overcoming these barriers. 

The state-of-the-art platinum group metal (PGM) catalysts exhibit 

outstanding electrocatalytic activity for water electrolyzers, where Pt and Pt-

based catalysts are the benchmark electrocatalysts for HER and Ir/Ru-based 

(IrO2/RuO2) materials are considered as the high-performance commercially 

available catalysts for OER [12-15]. However, the low natural reserves and 

high cost of precious PGM catalysts are the primary hurdles hindering the 

industrial-scale production and commercialization of hydrogen by 

electrocatalytic water splitting. Therefore, the designing and development of 

a cost-effective, stable and high-efficient bifunctional electrocatalyst is the 

key factor to breaking the technical bottleneck of renewable green hydrogen 

production from overall freshwater/seawater splitting. 

 

MAIN GOAL 

To fabricate non-noble transition metal-based (Ni, Mo, Mn and Co) 

electrocatalysts by electrodeposition method via dynamic hydrogen bubble 

template (DHBT) technique, characterize their microstructures, compositions, 

surface morphologies and evaluation of electrocatalytic activity and stability 

of synthesized electrodes for hydrogen evolution reaction (HER), oxygen 

evolution reaction (OER) and overall water splitting in alkaline 

freshwater/seawater electrolytes. 
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TASKS 

• Fabrication of non-noble transition metal-based (Ni and Mo) electrocatalysts, 

and investigation of their electrocatalytic HER and OER activity and stability 

in alkaline media (herein 1.0 M NaOH). 

• Fabrication of binary Ni and Mn-based electrocatalysts with variable 

concentration of manganese salts using additives and evaluation of their HER 

and OER electrocatalytic activity and stability in alkaline media (herein 1.0 M 

KOH), simulated seawater and alkaline seawater. 

• Characterization of the synthesized NiMn/Ti electrocatalysts and explanation 

of their enhanced catalytic activity. 

• Investigation of overall seawater splitting performance in lab-scale using 

synthesized bifunctional optimized NiMn/Ti electrocatalysts in an assembled 

two-electrode seawater electrolyzer. 

• Synthesis of Ni, Mn and Co incorporated ternary electrodes with variable 

cobalt salt concentrations using additives and investigation of the 

electrocatalytic HER performance and stability in alkaline freshwater, 

simulated seawater and alkaline seawater. 

• Characterization of synthesized NiMnCo/Ti electrocatalysts and explanation 

of their enhanced catalytic activity. 

SCIENTIFIC NOVELTY 

• A simple, low-cost electrochemical deposition method via the dynamic 

hydrogen bubble template (DHBT) technique was applied to synthesize binary 

and ternary 3D non-noble metal-based electrocatalysts. The catalytic 

performance and stability of the fabricated electrocatalysts were investigated 

for water splitting applications in alkaline freshwater, simulated seawater, and 

alkaline natural seawater. 

• It was established for the first time that the electrochemically synthesized 

NiMn/Ti-5 electrocatalyst, prepared using the DHBT technique, exhibits 

superior electrocatalytic HER activity and stability due to the formation of a 

highly porous architecture. 

• It was demonstrated for the first time that the NiMn/Ti-1 and NiMn/Ti-5 

electrode pair (electrodeposited from bath solutions with Ni2+:Mn2+ molar 

ratios of 1:1 and 1:5, respectively) can be effectively assembled in a two-

electrode seawater electrolyzer as the anode and cathode, respectively, to 

achieve a lower cell voltage than platinum-based systems.  

• The outstanding performance and long-term stability (up to 50 hours) of the 

developed ternary 3D NiMnCo/Ti electrocatalysts revealed HER activity for 
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the first time with an ultra-low overpotential (29 mV at 10 mA cm−2), 

comparable to that of commercially available noble-metal-based electrodes. 

STATEMENTS OF DEFENCE 

• The electrochemical deposition method using the Dynamic Hydrogen Bubble 

Template (DHBT) technique enables the deposition of binary and ternary 

electrocatalysts with various compositions onto Ti substrates. 

• Electrochemically deposited 3D electrocatalysts exhibit a high 

electrochemically active surface area (ECSA), which exceeds their geometric 

area by more than 100 times, resulting in significantly enhanced catalytic 

activity, particularly for the Hydrogen Evolution Reaction (HER).  

• The optimized binary HER and OER electrocatalysts synthesized via the 

DHBT method were employed as the cathode and anode, respectively and 

demonstrate efficient overall alkaline seawater splitting performance superior 

to the noble metal-based electrolyzer system. 

• All optimized electrocatalysts maintained long-term stability during 

electrolysis under harsh seawater conditions, without significant potential 

fluctuations and with negligible current density decay, confirming their 

structural integrity and practical applicability in sustainable hydrogen 

production. 

CONTRIBUTIONS OF THE AUTHOR 

The author of this dissertation formulated all of the electroplating bath 

solutions and investigated electrolytes, fabricated binder-free self-supported 

coatings (herein 3D electrocatalysts and catalyst-samples) by electrochemical 

deposition on Ti (titanium) substrate. The author was responsible for 

preparing samples for characterization by SEM and ICP-OES. The author of 

this dissertation performed all of the electrochemical analysis reported in this 

work to evaluate the HER, OER and overall water splitting performance by 

LSV measurements as well as the investigations of stability by 

chronoamperometry and chronopotentiometry. In addition, the author 

conducted the data analysis, the interpretation of the results of experiments, 

designed their graphic illustrations and prepared all publications listed below. 

The author wrote this dissertation himself, with proper referencing employed 

for all information obtained from sources other than the original works of the 

author. Furthermore, the author presented the obtained results at many 

national and international conferences (both oral and poster presentations). 
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1. LITERATURE REVIEW 

1.1. Hydrogen Energy – The Renewable Power Source 

Harnessing clean and renewable energy to combat climate change and reduce 

reliance on fossil fuels, hydrogen energy has emerged as the most promising 

and powerful alternative. The concept of hydrogen energy as the ‘fuel of the 

future’ stands out for its abundance, versatility, and potential to replace 

traditional fossil fuels, providing a clean, sustainable, and flexible energy 

carrier. Approximately 80% of the world's energy is currently derived from 

traditional hydrocarbon-based fossil fuels, including coal, oil, and natural gas, 

which are the primary contributors to greenhouse gas (GHG) emissions [16]. 

The overconsumption of conventional fossil fuels not only aggravates 

environmental pollution and global warming but also hinders global energy 

security due to their rapid depletion and limited reserves. As a result, to 

address these challenges, extensive research thrusts have been placed and a 

surge in interest in sustainable, environmentally friendly, and alternative 

energy sources has been observed over the last few decades [17, 18]. 

Hydrogen (H2) can be considered as one of the key emerging substitutes 

for fossil fuels, which can potentially serve as the most promising energy 

carrier due to its numerous advantages, including high gravimetric energy 

density, rich elemental abundance on Earth for scalability, non-toxic and clean 

combustion products with zero carbon footprint. Therefore, aiming for net-

zero carbon emissions, hydrogen energy is increasingly viewed as a 

cornerstone of a renewable energy future. 

More than 100 current and planned hydrogen production technologies 

have been reported to date, where the vast majority are focused on the steam 

conversion of fossil fuels, especially the natural gas steam reforming. Notably, 

the Steam Methane Reforming (SMR) technology is the most common and 

widely used method for producing hydrogen on an industrial scale but is 

responsible for releasing a significant amount of CO2 and other toxic 

emissions and contributing to climate change. In a decarbonized world, the 

share of renewable energy supply must increase to mitigate the GHG footprint 

[19]. According to the International Energy Agency (IEA), to achieve Net-

Zero Emissions (NZE) by 2050, the proportion of low‐carbon hydrogen rises 

from 10% in 2020 to 70% in 2030 and the global hydrogen use stood at 90 Mt 

(million tons) in 2020 is predicted to reach above 200 Mt by 2030 [20]. 

According to the production route, the hydrogen cleanness level can be 

classified with color coding: mainly grey, brown, blue, green, and others, such 

as turquoise hydrogen [21-24]. Grey hydrogen is produced from fossil fuels, 
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and according to the World Energy Council, currently 96% of hydrogen is 

produced from fossil fuels via carbon-intensive processes, either through 

SMR of natural gas or coal gasification [25]. The production of one ton of 

hydrogen in this process produces about 10 tons of CO2. Blue hydrogen is 

produced from fossil fuels like grey hydrogen, but the CO2 emitted during the 

production is sequestered via CCUS to mitigate emissions. Green hydrogen is 

the cleanest and most sustainable form of hydrogen, which is produced by 

electrolysis of water, while electrolysis uses only electricity from renewable 

energy sources such as wind, solar, or hydropower. However, brown hydrogen 

is produced from the gasification of black coal or lignite and releases carbon 

dioxide and carbon monoxide into the atmosphere, while the turquoise 

hydrogen is derived from the thermal decomposition of natural gas, i.e., 

methane pyrolysis or cracking into hydrogen and carbon at a temperature 

range from 600 to 1200 °C. Instead of CO2, this process produces black carbon 

(soot) as a by-product in the form of solid carbon. 

 

 

Figure 1. Schematic illustration of different hydrogen production pathways. 

Reprinted under the Creative Commons CC BY license from Ref. [24] 

14



 

In the literature, extensive research on hydrogen production, utilization, 

transportation and storage has drawn tremendous attention over the last few 

years. The statistics on the volume of yearly published works and their 

associated countries/regions in the Web of Science (Clarivate Analytics) 

database are plotted in Fig. 2. These data are generated using “hydrogen 

production and storage” and “water splitting” as keywords in the website 

(https://www.webofscience.com/wos/woscc/basic-search). 

 
Figure 2. Number of publications per year and their associated countries as 

reported by Web of Science (Clarivate Analytics) via using the keywords 

“Hydrogen production and storage” and “Water splitting” in the search bar. 

 

According to the IEA’s Global Hydrogen Report 2024, the annual 

hydrogen production reached 97 Mt (million tonnes) in 2023, practically all 

derived from unabated fossil fuels and the estimated global production could 

approach ca.100 Mt by the end of 2024. China is the largest producer of 

hydrogen worldwide, with almost 30% share of the total production, followed 

by the United States and the Middle East with 14% each [26]. Moreover, the 

IEA’s recent coal report states that the global coal demand is set to reach a 

new all-time high in 2024, particularly in Asia, where coal-fired power 

generation has been slow to decline [27].  
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Figure 3. Global hydrogen production by technology and by region in 2021-

2024. Reprinted under the Creative Commons CC BY license from Ref. [26]. 

1.2. Fundamentals of electrochemical water electrolysis 

Electrosynthesis of water or the electrochemical decomposition of water, i.e., 

water splitting, incorporates two half-reactions: i) the cathodic hydrogen 

evolution reaction (HER) and ii) the anodic oxygen evolution reaction OER. 

HER is the reaction where hydrogen (H2) is produced via the reduction of 

either proton (H+) or H2O at the cathode depending on the pH of the 

electrolyte, and the OER is the reaction where oxygen (O2) is evolved via the 

oxidation of either the hydroxyl ion (OH−) or H2O at the anode depending on 

the pH of the electrolyte. The electrocatalytic water splitting is a promising, 

environment-friendly and straightforward approach for industrial-scale 

production of hydrogen with high purity. However, the water splitting reaction 

is an endergonic process, i.e., the electrochemical overall water splitting under 

standard conditions (298 K and 1 bar pressure) is a thermodynamically 

unfavorable uphill reaction that requires a thermodynamic Gibbs free energy 

of 237 kJ mol−1, corresponding to the theoretical limit of 1.23 V. However, in 

a real system, a standard enthalpy of 285.8 kJ, corresponding to a voltage of 

1.48 V, is referred to as the thermo-neutral voltage to split liquid water into its 

gaseous elements [28]. Hence, to exceed this energy barrier, additional energy 

in the form of “overpotential” is required for the decomposition of pure water 

into its constituents. Moreover, the electrical conductivity of pure water is 

practically insignificant; thus, an electrolyte (an acid or alkali, or a salt) is 
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added to it, and different electrocatalysts are used to increase the efficiency of 

water electrolysis by minimizing the overpotential [29]. The overall water 

electrolysis process on the electrocatalysts’ surface can be illustrated with the 

following schematic representation, half-cell and overall reactions occur 

under acidic and alkaline medium [30, 31]. 

 

 
Figure 4. (a) Schematic illustration of a conventional water electrolyzer and 

(b) half-cell reactions of water splitting under acidic and alkaline conditions. 

In brief, the cathodic HER is a key half-cell reaction that occurs via a 

two-electron transfer, and regardless of the pH of the solution, the 

electrocatalytic HER consists of two primary steps, namely hydrogen 

adsorption and hydrogen desorption. The adsorption step is known as the 

Volmer reaction, while the desorption (or evolution) takes place either by the 

Heyrovsky reaction (electrochemical route) or the Tafel reaction (chemical 

route) [32, 33]. On the contrary, the OER is a sluggish reaction involving a 

multistep four-electron transfer process at the anode. The four-electron 

transfer process involves relatively slower kinetics than HER, which is 

considered the rate-limiting step that constrains the efficiency of the overall 

water splitting process [34-36]. In an acidic environment, liquid water is 

oxidized into hydrogen and oxygen, while in an alkaline or neutral medium, 

the hydroxyl ions are oxidized as oxygen and water. The OER kinetics and 

reaction pathways depend entirely on the material by which the reaction is 

catalysed. The reaction mechanisms and efficiency of reactions are subject to 

electrolytes and electrocatalysts used [33, 37]. For instance, Ir and Ru-based 

electrocatalysts perform efficiently in acidic than in alkaline medium, whereas 

non-noble metals like iron (Fe), nickel (Ni) and cobalt (Co) based catalysts 

show superior OER activity in alkaline medium [38-41]. Despite several 

reported multi-step OER mechanisms [33], common reaction intermediates 

such as oxo (*O), peroxo (*OOH), and hydroxo (*OH) species are produced 

and adsorbed on the catalyst surface. Therefore, overcoming the sluggish OER 
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kinetics is the main technical bottleneck for sustainable electrochemical water 

electrolysis and the production and commercialization of green hydrogen from 

electrocatalytic water splitting. 

1.3. Seawater electrolysis – The most sustainable approach 

Seawater electrolysis has emerged as a promising, more viable and sustainable 

alternative compared to freshwater electrolysis since 1975, when it was first 

realized that seawater can be directly used to produce hydrogen. 

 
Figure 5. A brief timeline of the development of seawater electrolysis. 

DSE – direct seawater electrolysis; TSSE – two-step seawater electrolysis. 

Reprinted with permission from Ref. [42]. 

 

In the current energy landscape, water splitting plays a significant role 

and provides a solid foundation for the transformation into a green and 

sustainable world to complete the low-carbon transition and realize the goal 

of NZE. However, hydrogen production consumes about 1.5 billion cubic 

metres (m3) of freshwater to date, representing less than 5% of the energy 

sector's total water consumption. The electrolysis process requires about 10 

litres of water to produce 1 kilogram of hydrogen (l/kg H2) as feedstock and a 

total of 30-70 l/kg H2 as feedstock and cooling together, depending on the 

electrolyser technology and the local climate conditions [26]. But freshwater 

resources are scarce and unevenly distributed worldwide; thus, the limited 

availability and shortage crisis of surface water creates a barrier to freshwater 

electrolysis. Many countries across the world, including Jordan, Yemen, 

Kuwait, Libya, Israel, Palestine, Tunisia, Algeria, and sub-Saharan countries 

in the Middle East are facing a terrible shortfall of freshwater for their 

livelihood, making the real-life scenario nearly impossible to electrolyze vital 

freshwater for hydrogen production [43-45]. 
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Water covers 70% of the total surface on Earth, while the oceanic 

seawater constitutes approximately 97.5% of the total water reserves, and only 

about 2.5% is freshwater. According to the U.S. Geological Survey and other 

reports, nearly two-thirds of these freshwater resources are either frozen in 

glaciers or otherwise unavailable for humans to utilize [46-48]. 

 

Figure 6. The distribution of water on, in, and above the Earth from Ref [49]. 

Direct seawater electrolysis (DSE) technology can mitigate the critical 

burden on vital freshwater resources by using abundant saline water as an 

electrolyte. Despite its potential benefits, the DSE poses significant challenges 

for the large-scale production of hydrogen and limits the efficiency of the 

electrolyzer system. At first, the presence of corrosive chloride ions (Cl−), as 

well as other various unwanted ionic species, including Ca2+, Mg2+, Na+, Br−, 

and SO4
2−, adversely affects the performance of electrolyzers and catalytic 

activity of the electrocatalyst [50-57]. The natural presence of aggressive Cl− 

ions degenerate low current efficiency by the chlorine evolution reaction 

(ClER) in the anode, competing with OER. Besides, the ClER could turn into 

the most critical encounter in the seawater splitting process, as aggressive 

hypochlorite (ClO−) species form during the reaction can become a 

detrimental threat to contaminate the electrolyte environment. Moreover, the 

formation of insoluble precipitates, e.g., Ca(OH)2 and Mg(OH)2, on the 

electrode surface blocks the active sites and hinders the long-term durability 

of electrocatalysts, thereby shortening the lifespan of the electrolyzer. 
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Furthermore, microorganisms and small particles present in seawater lead to 

the poisoning of catalytic active sites, corrosion, surface deactivation or 

passivation of the electrodes, and thus, significantly affect the catalytic 

performance and durability of electrocatalysts, subsequently affecting the 

ultimate commercialization prospect of seawater splitting [58-63]. 

Hence, considering the scarcity of freshwater and its widespread daily 

use, abundant seawater is the most promising substitute as feedstock for the 

industrial-scale production of high-purity hydrogen. 

1.4. Electrocatalysts – The ultimate armour 

Despite the availability of plentiful natural seawater resources, the high costs 

of green hydrogen energy still remain a substantial hindrance to its far-

reaching adoption due to the inherent costs associated with the hydrogen 

production. According to the International Renewable Energy Agency 

(IRENA), at present, the production of green hydrogen costs two to three times 

more than blue hydrogen, on average [64]. Referring to the European 

Commission's July 2020 hydrogen strategy, the estimated costs for the 

conventional fossil-based hydrogen are around 1.5 €/kg for the EU, whereas 

the estimated costs for fossil-based hydrogen using CCUS are approx. 2 €/kg, 

and renewable hydrogen are between 2.5-5.5 €/kg [65]. Under the 1.5 °C 

Scenario by IRENA (2021), hydrogen and its derivatives will account for 12% 

of final energy use by 2050 and to reach the milestone, some 5000 GW 

(gigawatts, 109 Watts) of electrolyzer capacity will be required by 2050, up 

from just 0.3 GW today [66]. According to BP’s statistical review (2021) [67], 

the total global renewable energy (solar, wind, hydro energy etc.) 

consumption increased from 28.82 EJ (Exajoule, 1018 Joules) in 2019 to 31.71 

EJ in 2020 and to achieve the 1.5 °C Scenario in 2050, the total demand for 

hydrogen-based fuels would need to grow to 15 exajoules (EJ) and 63 EJ by 

2030 and 2050, respectively [68]. To meet these statistical data from several 

Energy Outlooks, policy support and global investments are the most crucial 

factors for the rapid expansion of both renewable power and electrolyzer 

capacity. In the recent past, the U.S. Department of Energy (DOE) not only 

unveiled the Updated Hydrogen Program Plan and National Hydrogen 

Strategy and Roadmap but also launched the Hydrogen Shot program to 

restrain the cost of clean hydrogen to $1 per kilogram within a decade [69-

71].  
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Green hydrogen production through water splitting is still in its infancy, 

and the integrated production cost is considered as the main barrier to the 

energy transition. However, the elevated cost of electrocatalytic 

freshwater/seawater splitting is attributed to the electrodes used in the water 

electrolyzers. The state-of-the-art platinum group metal (PGM) catalysts 

demonstrate outstanding electrocatalytic activity for water splitting, while Pt-

based catalysts are the commercially used electrocatalysts for HER [12, 13, 

72, 73], and Ru or Ir-oxide based electrocatalysts exhibit the most efficient 

performance for OER [74-76]. Unfortunately, despite their effectiveness, the 

limited availability and high costs of precious PGM electrocatalysts restrict 

the widespread application in industrial-scale electrolysis technologies. 

Therefore, extensive efforts have been dedicated towards earth-abundant, 

inexpensive, non-noble transition metals to design, develop and synthesize 

low-cost, highly efficient and durable electrocatalysts with potential to reduce 

the energy barriers in HER/OER and overall water splitting processes. 

To find potential substitutes, the use of non-noble transition metal-based 

catalysts has received tremendous attention in recent years and various 

transition metal-based materials, including transition-metal-based oxides [77-

79], sulfides [80, 81], nitrides [82, 83], phosphides [84, 85], hydroxides and 

LDHs [86-88], alloys [89, 90], MOFs [91, 92], MXenes [93] etc. have 

emerged as alternative potential candidates to replace precious PGM catalysts 

for HER, OER and overall water splitting applications. The key criteria of 

non-noble transition metals for designing and screening as electrocatalytic 

materials over PGMs are: 

i) Moderate binding energy for adsorption of intermediates (according to 

the Sabatier Principle). 

ii) Good electrical conductivity for efficient charge transfer during 

electrolysis. 

iii) Superior stability under acidic or alkaline operating conditions. 

iv) Electronic structure tuneability via alloying or doping. 

v) Abundant and low-cost for practical and scalable applications. 

 

Different state-of-the-art procedures, methods, and sophisticated 

engineering techniques are followed and applied to enhance electrocatalytic 

performance via inducing electronic and structural modification strategies 

during the fabrication of efficient, purpose-oriented HER, OER and(or) 

bifunctional electrocatalysts. 
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Figure 7. The fabrication methods of electrocatalysts for water splitting. 

Reprinted with permission from Ref. [94]. 

Among the abovementioned fabrication methods, the electrodeposition 

method (or electroplating) is a widely used technique for synthesizing 

electrodes. Fabricated catalysts by this procedure demonstrate several superior 

and exceptional advantages over others as follows [95-100]: 

i) Simple, low-cost and scalable method with large-scale and batch 

processing, ideal for industrial applications. 

ii) Precise control ability over the thickness and microstructure (e.g., 

roughness, porosity) of the deposited layer by adjusting deposition parameters 

(e.g., current density, deposition potential, deposition time, precursor 

concentration and electrolyte composition). 

iii) Energy-efficient and compatible with heat-sensitive materials, as 

performed at or near room temperature. 

iv) Large electrochemically active surface area (ECSA) with uniform 

coverage on 3D surfaces and porous structures. 

v) Versatile and a wide variety of substrates, e.g., metals, metal oxides, 

alloys, and conducting polymers can be used for electroplating. 
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Over and above, the electrodeposition method using dynamic hydrogen 

bubble template (DHBT) technique is one of the well-known, widely used 

promising approaches due to its facile, cost-effective, time-saving, 

controllable and binder-free technology [101,102]. Fabricated electrocatalyst 

with high surface area is pivotal for enhancing the exposure of active sites and 

facilitating efficient mass transport. This is where the DHBT technique plays 

a significant role. The noble DHBT technique is a powerful strategy for 

improving the performance of synthesized electrocatalysts via creating porous 

structures with high surface areas through surface defects, doping, 

morphology regulation, catalyst anchoring, and interface heterostructure 

engineering [103-107]. This unique technique operates through a dynamic 

interplay of hydrogen evolution during electrochemical deposition, generating 

a porous morphology on the substrate surface. The key principle is the use of 

hydrogen bubbles formed during electrolysis as a template to introduce 

controlled porosity. This technique utilizes in situ generated H2 bubbles as 

dynamic templates and as soon as the catalytic components are deposited, 

hydrogen bubbles evolve at the electrode surface due to the electrochemical 

reduction of protons or water as shown in the following equations [108]. The 

electrochemical deposition method using the dynamic hydrogen bubble 

template (DHBT) technique is illustrated with a graphical representation 

below. 

2H2O + 2e⁻ → H2 + 2OH⁻  (1) 

2H+ + 2e⁻ → H2   (2) 

 

 
Figure 8. Graphical representation of electrocatalyst synthesis using the 

DHBT technique. NMF – Nanoporous Metal Foam. Reprinted with 

permission from Ref. [109].  

23



 

2. MATERIALS AND METHODS 

2.1. Materials and chemicals 

All chemicals used were of analytical grade and used as-received unless stated 

otherwise. The natural seawater was collected from the Baltic Sea coastline 

(Klaipėda seashore region, Lithuania, 55°42′45″ N, 21°08′06″ E). The main 

chemicals and materials used in this research are provided in Table 1. 

Table 1. Materials and reagents used for the experiments in this work. 

 

2.2. Substrate preparation 

Before fabrication of each electrode, the Ti substrates were cut from Ti foil 

with a size being 1×1 cm (electrochemical measurements and structural 

characterization). After cutting, the surface of the substrates was sanded to 

1000 grit and degreased with ethanol to remove the native surface oxide layer. 

Afterwards, the Ti plates were thoroughly rinsed with deionized water (DI), 

followed by their activation via pretreatment in diluted H2SO4 (1:1 vol.) for 

10 s at 70 ℃ and repeating the rinsing with deionized water. 

  

Material Formula Purity Source 

Stainless steel foil (0.2 mm) - - Alfa Aesar (Germany) 

Titanium foil (0.127 mm) Ti 99.7% Sigma-Aldrich ( USA) 

Nickel sulfate hexahydrate NiSO4.6H2O >98% 

Chempur Company  

(Germany) 

Sodium molybdate dihydrate Na2MoO4.2H2O >99.5% 

Manganese chloride tetrahydrate MnCl2.4H2O >99%) 

Cobalt nitrate hexahydrate Co(NO3)2.6H2O >98% 

Sulfuric acid H2SO4 96% 

Hydrochloric acid HCl 35-38% 

Sodium hydroxide NaOH 98.8% 

Potassium hydroxide KOH 85% 

Ammonium sulfate (NH4)2SO4 99% 

Boric acid H3BO3 99.5% 
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2.3. Fabrication of 3D binary NiMo/Ti electrocatalysts 

 

Figure 9. Schematic representation of the one-step electrodeposition process 

for the fabrication of binary and ternary electrodes investigated in this 

research. 

To synthesize 3D binary NiMo/Ti electrocatalysts by electrochemical 

deposition through a dynamic hydrogen bubble template (DHBT) technique, 

electroplating solution baths were formulated as detailed in Table 2. 

Table 2. The composition of the electrochemical baths and electroplating 

condition parameters. 

 

2.4. Fabrication of 3D binary NiMn/Ti electrocatalysts 

The fabrication of 3D NiMn/Ti electrocatalysts was also carried out 

under the same plating conditions described above. Key differences were: 

i) The concentration of Ni2+ ion was constant (0.2 M) with variable ionic 

concentrations (from 0.2 M up to 1.0 M) of Mn2+. 

Catalysts 
Concentration (M) Plating conditions 

Ni2+
(aq) Mo6+

(aq) pH* T, (℃) j, (mA cm-2) t, (min) 

NiMo/Ti-1 0.1 0.03 ~1 25 
50** 

500*** 
3 

3 

NiMo/Ti-2 0.2 0.03 ~1 25 
50** 

500*** 

3 

3 

NiMo/Ti-3 1.0 0.03 ~1 25 
50** 

500*** 
3 

3 

* 1.5 M H2SO4 and 1 M HCl 

Current densities applied during 1st step** and 2nd step*** of electrodeposition 
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ii) 0.5 M of (NH4)2SO4 was added as a modifier of the coating 

morphology and 0.3 M boric acid (H3BO3) was used as a pH stabilizer 

additionally during the preparation of each solution bath. The formulation of 

chemical bath solutions and plating conditions are given in Table 3. 
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2.5. Fabrication of 3D ternary NiMnCo/Ti electrocatalysts 

Fabrication and investigative analysis were carried out for efficient non-noble 

transition metal-based electrodes for green hydrogen production, where a 

noble 3D ternary NiMnCo/Ti electrocatalysts were synthesized with variable 

concentrations of cobalt (Co). Two key differences were: 

i) an increase in c oncentration of pH stabilizer (H3BO3) in the solution 

baths 

ii) changes in applied current densities and deposition timing. Detailed 

compositions and plating conditions are summarized in Table 4 below. 
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Moreover, a few monometallic and bimetallic catalyst-samples were also 

fabricated alongside for the comparison of activity using the same additives 

and unaltered plating conditions. After electroplating, all synthesized 

electrocatalysts and catalyst-samples were removed, thoroughly rinsed with 

deionized water, air-dried at room temperature, marked and carefully stored 

for subsequent investigations. 

2.6. Electrochemical measurements 

The electrochemical investigations have been performed to determine the 

electrocatalytic HER, OER and overall water splitting (OWS) performance 

via linear sweep voltammetry (LSV) using a computer-controlled potentiostat 

PGSTAT302 equipped with the Electrochemical Software (Nova 2.1.4, 

Metrohm Autolab B.V., Utrecht, The Netherlands). A standard three-electrode 

cell was used for all electrochemical measurements, with the fabricated 

electrode of a geometric area of 2 cm2 as a working electrode, a saturated 

calomel electrode (SCE) used as a reference electrode, and a graphite rod used 

as a counter electrode. All applied potentials in the three-electrode system 

corresponding to SCE were calibrated to the reversible hydrogen electrode 

(RHE) unless stated otherwise by using the following equation: 

ERHE = ESCE + 0.242 V + 0.059 V × pHsolution (3) 

The electrolyte used in electrochemical measurements described in this 

work was initially a 1.0 M NaOH solution as an alkaline medium. Afterwards, 

1.0 M KOH solution was used as the alkaline environment in all performed 

electrochemical investigations. Moreover, this research work has been 

extended and diversified using artificial (simulated) seawater and alkaline 

natural seawater for HER, OER and OWS investigations. Prior to every 

measurement, the working electrolyte was deaerated with argon (Ar) in a set-

up cell for 20 min. 

The electrocatalytic activity of the synthesized electrodes was 

investigated by Linear Sweep Voltammetry. The catalytic performance for 

HER and OER of all fabricated electrodes was evaluated by recording LSV 

polarization curves at a temperature range from 25 ℃ to 75 ℃. The LSVs 

were recorded from the open circuit potential (OCP) to -0.43 V (vs. RHE) for 

HER at a potential scan rate of 10 mV s−1. For OER activity measurements, 

the selected potential region was OCP to 2.06 V (vs. RHE) at the same scan 

rate. The OWS performance was evaluated in a two-electrode cell using 

alkaline seawater where two optimal 3D binary NiMn/Ti electrocatalysts were 

employed as anode and cathode and the LSVs were recorded in a selected 
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voltage region from 1.0 V up to 2.6 V at a potential scan rate of 10 mV s−1. 

The electrochemically active surface area (ECSA) of the optimized 3D 

NiMnCo/Ti-2 electrocatalyst was determined from the measurements of 

double layer capacitance (Cdl) by recording CV curves in the 1.0 M KOH 

solution at several scan rates (5-50 mV s−1) in the non-faradaic region [110]. 

Moreover, the long-term stability of the fabricated optimized 

electrocatalysts was evaluated by recording the chronoamperometry (CA) 

curves at a constant potential of -0.23 V (vs. RHE) and 1.81 V (vs. RHE) for 

HER and OER, respectively along with chronopotentiometric (CP) 

measurements at a constant current density of 10 mA cm−2 for both reactions. 

A multi-step chronopotentiometric analysis was also conducted with variable 

current densities ranging from 20 mA cm−2 to 100 mA cm−2 to assess the 

robustness and exceptional stability of the optimized 3D NiMnCo/Ti-2 

electrode as an outstanding HER electrocatalyst, in a gradual ascending-

descending order. 

 

2.7. Characterization of synthesized binary and ternary electrocatalysts 

Scanning electron microscopy. The microstructure and surface morphology 

of synthesized binary and ternary electrocatalysts were investigated using a 

Helios TM4000Plus scanning electron microscope (Hitachi, Tokyo, Japan) 

equipped with an energy dispersive X-ray spectrometer (AZtecOne detector, 

Oxford Instruments, United Kingdom). The microspherical surface 

morphology of the optimized ternary electrocatalyst was examined and the 

size (diameter) of the deposited particles was measured using the ImageJ 

desktop application. 

Inductively Coupled Plasma Optical Emission Spectroscopy. The metal 

loadings of fabricated binary and ternary electrocatalysts were identified using 

an Optima 7000DV inductively coupled plasma optical emission spectrometer 

(Perkin Elmer, Waltham, MA, USA). ICP-OES spectra were collected at these 

reported wavelengths: 

λNi 231.604 nm, λMo 202.031 nm, λMn 257.610 nm and λCo 228.616 nm. 
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3. RESULTS AND DISCUSSION 

3.1. Synthesis and characterization of 3D NiMo/Ti electrocatalysts 

3.1.1. Morphology of 3D NiMo/Ti electrocatalysts 

The topside scanning electron microscopy (SEM) images of the 

electrochemically deposited 3D binary NiMo/Ti electrocatalysts are 

demonstrated in Figure 10. The surface morphologies of synthesized 3D 

NiMo/Ti-1 and NiMo/Ti-2 (Fig. 10a, b) electrocatalysts were not significant 

enough, although the substrate surface was uniformly covered with crack-free, 

smooth and evenly dispersed Ni and Mo particles. 

Figure 10. SEM images of fabricated 3D NiMo/Ti-1 (a), NiMo/Ti-2 (b) and 

NiMo/Ti-3 (c) electrocatalysts and the optimal 3D NiMo/Ti-3 electrode with 

higher magnification (d). The inset shows an image of cedar leaves. 

The NiMo/Ti-3 electrocatalyst with comparably higher Ni2+ ion (1.0 M) 

concentration forms a unique cedar leaf-like structure, which covers the entire 

Ti substrate surface (Fig. 10c). Those leaf-like Ni-Mo architectures with 

higher magnification (Fig. 10d) portray an irregular stack of well-defined, 

randomly distributed microstructures of discrete sizes and shapes. 

  

(a) NiMo/Ti-1 (b) NiMo/Ti-2 

(d) (c) NiMo/Ti-3 
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The mass of the elements (metal loadings) on the Ti substrate was 

determined by ICP-OES analysis. 

The Ni metal loadings in NiMo/Ti-1 and NiMo/Ti-2 electrodes were 

proximate to one another as a function of the adjacent Ni2+:Mo6+ ratio of bath 

solutions (Table 2), whereas the NiMo/Ti-3 electrocatalyst has a higher Ni-

loading. The synthesized 3D binary NiMo/Ti electrocatalysts contained ca. 

82.8-93.7 wt.% of Ni and 17.2-6.3 wt.% of Mo. The Mo-loadings in all three 

fabricated electrodes were analogous due to the constant ionic concentration 

(0.03 M) of Mo6+ in the bath solutions. 

3.1.2. Electrocatalytic investigations of 3D NiMo/Ti catalysts for HER and 

OER performance 

The electrocatalytic activity of synthesized NiMo/Ti electrodes was 

investigated by Linear Sweep Voltammetry in an Ar-saturated 1.0 M NaOH 

as alkaline electrolyte at 25 ℃. The optimized NiMo/Ti-3 electrocatalyst 

fabricated from the bath solution with higher Ni-content (1.0 M), exhibits 

enhanced HER activity with a minimum overpotential of 288 mV to gain the 

benchmark current density of 10 mA cm−2 in alkaline electrolyte. For OER, 

the NiMo/Ti-3 electrocatalyst demonstrates a modest overpotential of 

580 mV. The recorded anodic and cathodic LSVs of fabricated 3D NiMo/Ti 

electrocatalysts were used to extract the corresponding Tafel plots 

simultaneously for HER and OER. The Tafel slope values for NiMo/Ti-1, 

NiMo/Ti-2, and NiMo/Ti-3 electrocatalysts were 100, 101, and 130 mV dec−1 

for HER and for OER polarization curves, the obtained Tafel slope values 

were 167, 93 and 169 mV dec−1, respectively. The stability of the optimized 

NiMo/Ti-3 electrocatalyst was evaluated via chronoamperometric (CA) 

measurement at -0.23 V (vs. RHE) for HER for 2 hours. Moreover, the CA 

investigation was carried out with the same time span at a constant potential 

of 1.81 V (vs. RHE) to evaluate the durability for OER analysis. The recorded 

voltammograms along with other results are demonstrated and listed in Fig. 

11 and Table 5. 
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Figure 11. HER (a) and OER (d) polarization curves of 3D NiMo/Ti catalysts 

in 1.0 M NaOH at 25 ℃ and a potential scan rate of 10 mV s−1 with 

corresponding extracted Tafel plots (b, e) and the chronoamperometric curves 

(c, f) of the optimized NiMo/Ti-3 electrocatalyst at constant potentials. 

Table 5. Summarized electrochemical data of the investigated 3D NiMo/Ti 
electrocatalysts toward HER and OER in 1.0 M NaOH. 
 

 

3.2. Synthesis and characterization of 3D NiMn/Ti electrocatalysts 

3.2.1. Microstructure and morphology of 3D NiMn/Ti electrocatalysts 

3D nickel-manganese (NiMn) binary coatings were fabricated via the 

electrodeposition method using the DHBT technique and to synthesize an 

enhanced and efficient bifunctional electrocatalyst with favorable surface 

morphology, two additives namely (NH4)2SO4 and boric acid (H3BO3), were 
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used as modifier of the coating morphology and pH stabilizer, respectively. 

The synthesized 3D NiMn/Ti electrocatalysts are demonstrated in Fig. 12. 

 

 

 

Figure 12. SEM images of fabricated binary 3D NiMn/Ti (a-e), 

electrocatalysts via the electrochemical deposition method using the DHBT 

technique. 

From the SEM images, it can be seen that the five NiMn/Ti 

electrocatalysts fabricated with variable manganese concentrations (0.2 M to 

1.0 M) exhibit different unique surface morphology. The synthesized 

electrocatalysts were denominated as NiMn/Ti-n (n = 1, 2, 3, 4 and 5), 

according to the composition of Ni2+:Mn2+ molar ratios in the solution baths 

(e.g., NiMn/Ti-1 and NiMn/Ti-5 electrodes were electrodeposited from the 

bath solutions with Ni2+:Mn2+ molar ratios of 1:1 and 1:5, respectively). As-

(a)NiMn/Ti-1 (b) NiMn/Ti-2 

(c) NiMn/Ti-3 (d) NiMn/Ti-4 

(e) NiMn/Ti-5 
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synthesized NiMn/Ti-1 catalyst demonstrates a typical globular morphology 

with smaller nodules, covering the substrate surface, as demonstrated in 

Fig. 12a. The tiny nodules enlarged to micro-sized in the case of NiMn/Ti-2 

electrode with an increase of Mn-content (Ni2+:Mn2+ = 1:2) in the plating 

solution. The top side view of NiMn/Ti-3 catalyst exhibits an uneven, coarse, 

flake-like heterostructured surface morphology, as shown in Fig. 12c. It is 

noteworthy that the higher cell voltages were recorded during the 

electrodeposition using bath solutions with higher Ni2+:Mn2+ molar ratios. 

Moreover, as the NiMn coatings were deposited under acidic conditions to 

ensure the generation of vigorous hydrogen bubbles, the formation of bubbles 

during electroplating was also successively escalating. As a consequence of 

those above factors, this can be anticipated that the number of deposited Ni 

and Mn particles started to agglomerate on the Titanium substrate by forming 

smaller mounds or humps-like structures while the electroplating of binary 

NiMn/Ti-4 catalyst was conducted. Finally, the surface morphology of 

NiMn/Ti-5 electrocatalyst has turned into a unique micro-sized porous 

architecture with an abundance of pores with distinctly different sizes via 

applying the dynamic hydrogen bubble template technique. As exhibited in 

Fig. 12e, the presence of infinite pores of different sizes on the synthesized 

NiMn/Ti-5 electrocatalyst will facilitate the creation of more channels for 

electrolyte diffusion, accelerate the efficiency of electron transport and 

enhance the number of active sites. 

The mass of the elements (metal loadings) on the Ti substrate was 

determined by ICP-OES analysis. 

Fabricated 3D binary NiMn/Ti electrocatalysts possessed Ni content of 

ca. 44-86.6 wt.% and Mn-loading of ca. 13.4-56 wt.%. The total metal 

loadings (µgmetalcm−2) on the synthesized electrocatalysts have gradually 

increased with the increase of Mn-concentration in the bath solutions and 

varied from ca. 100 up to 1223.5 µgmetalcm−2. 

 

3.2.2. Electrocatalytic activity of 3D NiMn/Ti electrocatalysts for HER 

The electrocatalytic activity of synthesized 3D NiMn/Ti electrocatalysts was 

investigated for HER by recording LSVs in 1.0 M KOH solution, simulated 

seawater (1.0 M KOH + 0.5 M NaCl, pH ≈ 14) and alkaline seawater (1.0 M 

KOH + natural seawater, pH ≈ 13.9) at 25 °C. To check the repeatability, each 

electrode was prepared three times and the LSVs were recorded for each 

electrode. Fabricated 3D NiMn/Ti-5 electrocatalyst with the highest Mn-

content (i.e., metal-loading) exhibits the outstanding HER activity among all 
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electrodes in these investigating electrolytes. The optimized NiMn/Ti-5 

electrocatalyst exhibits enhanced HER activity with a minimum overpotential 

of 127 mV to gain the benchmark current density of 10 mA cm−2 in alkaline 

electrolyte, which was superior to those of 145 mV and 150 mV for the 

NiMn/Ti-4 and NiMn/Ti-3 electrodes, respectively. In addition, the natural 

seawater collected from the Baltic Sea near the Klaipėda seashore region has 

been used to formulate the alkaline seawater and the LSV analysis was 

conducted using the electrochemically deposited optimized NiMn/Ti-5 

electrocatalyst. An exceptional HER performance was demonstrated by the 

3D NiMn/Ti-5 electrocatalyst in chlorine and other impurity-rich alkaline 

seawater, outperforming the activity in alkaline media, where a least 

overpotential of 79 mV was required to achieve a current density of 

10 mA cm−2. Impressively, to attain this benchmark current density, an ultra-

low overpotential of 64 mV was required for this optimized NiMn/Ti-5 

electrocatalyst in simulated seawater, where the natural seawater was 

substituted with deionized water, maintaining the approximate salinity. 

According to the investigations carried out on synthesized 3D NiMn/Ti 

electrocatalysts for HER, the binary 3D NiMn/Ti-5 delivers the superior 

electrocatalytic activity under all three investigating electrolytes. Notably, the 

catalytic activity was declining gradually with a subsequent decrease of Mn-

content on electrodes and the prepared NiMn/Ti-1 electrocatalyst exhibits the 

lowest HER performance. The required lower overpotentials (η10) of the best-

performing three NiMn/Ti HER electrocatalysts to reach the current density 

of 10 mA cm−2 are as follows: 

In alkaline media: 

NiMn/Ti-5 (127 mV) > NiMn/Ti-4 (145 mV) > NiMn/Ti-3 (150 mV) 

In ASW media: 

NiMn/Ti-5 (79 mV) > NiMn/Ti-4 (89 mV) > NiMn/Ti-3 (140 mV) 

In SSW media: 

NiMn/Ti-5 (64 mV) > NiMn/Ti-4 (79 mV) > NiMn/Ti-3 (140 mV) 

The recorded HER polarization curves of fabricated 3D NiMn/Ti 

electrocatalysts were used to extract the corresponding Tafel plots 

investigated under all three electrolytes and the elevation of the column bars 

denotes the required overpotentials to achieve the benchmark current densities 

of 10, 20, and 50 mA cm−2 as depicted in in Fig. 13 and listed in Table 6. 

35



 

 

 

 
Figure 13. The HER polarization curves of the three best-performing 3D 

NiMn/Ti catalysts in 1.0 M KOH, ASW and SSW at 25 ℃ and 10 mV s−1 

potential scan rate (a, d, g) with corresponding extracted Tafel plots (b, e, h) 

and required overpotentials to reaching the current densities of 10, 20 and 

50 mA cm−2 (c, f, i), respectively. 

The Tafel slopes for NiMn/Ti-3, NiMn/Ti-4, and NiMn/Ti-5 

electrocatalysts in alkaline media (1.0 M KOH) are 199, 192, and 

184 mV dec−1, respectively. A lower Tafel slope generally indicates more 

efficient electrocatalytic performance because it signifies faster reaction 

kinetics and lower overpotential required for the same current density. 

Moreover, the evaluation of stability and maintaining structural integrity 

during the investigation is a pivotal criterion to determine the long-term 

economic viability and cost-effectiveness of any electrode prior to practical 

applications. Thus, the durability of the optimized NiMn/Ti-5 electrocatalyst 

was investigated under all three formulated electrolytes via the 

chronopotentiometry (CP) method at a fixed current density of 10 mA cm−2 
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and the chronoamperometric (CA) analysis at a constant potential of -0.23 V 

(vs. RHE) for 10 hours at 25 ℃. The optimized 3D NiMn/Ti-5 electrocatalyst 

exhibited a marginal fluctuation of potentials (ca. 15-57 mV) under all three 

investigating electrolytes, whereas the CA investigations demonstrated 

superior current retentions of around 85% upon calculation after the 

completion of analysis. All obtained results and their graphic illustrations are 

demonstrated in Fig. 14. 

 
Figure 14. CP (a) and CA (b) plots of optimized NiMn/Ti-5 electrocatalyst at 

a constant current density of 10 mA cm−2 and at a constant potential of -0.23 V 

(vs. RHE) for 10 hours under all three electrolytes, respectively. 

Table 6. Summarized electrochemical data of the investigated 3D NiMn/Ti 

electrocatalysts toward HER under investigating electrolytes at 25 ℃. 
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3.2.3. Electrocatalytic activity of 3D NiMn/Ti electrocatalysts for OER 

The synthesized binary 3D NiMn/Ti electrocatalysts were also investigated 

for the electrocatalytic OER activity via recording the LSVs in 1.0 M KOH 

solution, simulated seawater (1.0 M KOH + 0.5 M NaCl) and alkaline 

seawater (1.0 M KOH + natural seawater) at 25 ℃. The repeatability of 

electrocatalytic OER performance was cross-checked for each investigated 

electrode. 

The 3D binary NiMn/Ti-1 electrocatalyst, which was fabricated from the 

bath solution with Ni2+:Mn2+ molar proportion of 1:1, demonstrates an 

exceptional OER activity in alkaline media with a minimum overpotential of 

356 mV to achieve the current density of 10 mA cm−2. This OER activity 

outperforms the corresponding NiMn/Ti-2 (361 mV) and NiMn/Ti-3 

(371 mV) electrocatalysts. Notably, the OER performance of 3D NiMn/Ti 

electrocatalysts has gradually declined with the increase of Mn-loadings on 

the synthesized electrodes; thus, the best-performing three NiMn/Ti OER 

electrocatalysts (namely NiMn/Ti-1, NiMn/Ti-2 and NiMn/Ti-3) were 

investigated thoroughly by conducting the LSV analysis. The optimized 

NiMn/Ti-1 electrocatalyst also demonstrated a relatively reasonable OER 

performance in alkaline seawater and simulated seawater, where the required 

overpotentials to gain the benchmark current density of 10 mA cm−2 were 

388 mV and 386 mV, respectively. The OER activity exhibited a modest 

deterioration in ASW and SSW for the following reasons: 

i) The chlorine evolution reaction (ClER) is a competing reaction that 

simultaneously takes place on the electrode during OER, which detrimentally 

affects the working electrolyte via the formation of hypochlorite and other 

chloride by-products at higher pH and causes low current efficiency. 

ii) The presence of Ca2+, Mg2+, Br−, SO4
2− ions, along with a broad 

spectrum of bacteria, suspended solid microparticles and other impurities 

present in natural seawater ultimately leads to the formation of precipitates, 

poisoning, leaching and deactivation of the surface-active sites of OER 

electrocatalysts. 

According to the OER investigations conducted using these synthesized 

3D NiMn/Ti electrocatalysts under all three investigating electrolytes, the 

optimized 3D NiMn/Ti-1 electrocatalyst with the lowest Mn-loading of 

13.43 µg cm−2 demonstrates the efficient OER performance. To achieve the 

benchmark current density of 10 mA cm−2, the best-performing three NiMn/Ti 

OER electrocatalysts based on their required overpotentials under 

investigative electrolytes are listed as follows: 
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In alkaline media: 

NiMn/Ti-1 (356 mV) > NiMn/Ti-2 (361 mV) > NiMn/Ti-3 (371 mV) 

In ASW media: 

NiMn/Ti-1 (388 mV) > NiMn/Ti-2 (406 mV) > NiMn/Ti-3 (446 mV) 

In SSW media: 

NiMn/Ti-1 (386 mV) > NiMn/Ti-2 (413 mV) > NiMn/Ti-3 (454 mV) 

The recorded polarization curves of the investigated 3D NiMn/Ti OER 

electrocatalysts under all three electrolytes were used to extract their 

corresponding Tafel plots and the altitude of the column bars denotes the 

required overpotentials to achieve the benchmark current densities of 10, 20, 

and 50 mA cm−2 as demonstrated in Fig. 15 and listed in Table 7. 

Figure 15. The OER polarization curves of three best-performing 3D 

NiMn/Ti catalysts in 1.0 M KOH, ASW and SSW at 25 °C and 10 mV s−1 

potential scan rate (a, d, g) with their corresponding extracted Tafel plots (b, 

e, h) and required overpotentials to reaching the current densities of 10, 20 and 

50 mA cm−2 (c, f, i), respectively. 
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A comparatively lower Tafel slope value for the optimized NiMn/Ti-1 

(93 mV dec−1) electrocatalyst was obtained in alkaline media (1.0 M KOH) 

than the corresponding binary NiMn/Ti-2 (173 mV dec−1), and NiMn/Ti-3 

(136 mV dec−1) electrocatalysts. 

Figure 16. Chronopotentiometry at 10 mA cm−2 (a) and chronoamperometry 

at 1.81 V (vs. RHE) (b) plots of optimized NiMn/Ti-1 electrocatalyst for 

10 hours in 1.0 M KOH and 24 hours in alkaline seawater and simulated 

seawater, respectively. 

Moreover, as exhibited in Fig. 16, the chronopotentiometry and 

chronoamperometric plots of optimized NiMn/Ti-1 electrocatalyst at a 

constant potential of 1.81 V (vs. RHE) and a constant current density of 

10 mA cm−2 demonstrate superior long-term stability in 1.0 M KOH, alkaline 

seawater and simulated seawater, respectively. The optimized NiMn/Ti-1 

electrocatalyst exhibited a nominal fluctuation of potentials (ca. 34-40 mV) in 

SSW and ASW, whereas the CA investigations resulted in exceptional current 

retentions of ca. 85-99% upon calculation after 24 hours of analysis. 
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Table 7. Summarized electrochemical data of the investigated 3D NiMn/Ti 

electrocatalysts toward OER in 1.0 M KOH, ASW and SSW at 25 ℃. 

 

3.2.4. Overall seawater splitting performance of optimized 3D NiMn/Ti 

electrocatalysts 

It was determined from the thorough investigations that the synthesized binary 

3D NiMn/Ti electrocatalysts possess superior bifunctional characteristics for 

overall water splitting (OWS) application. Fabricated 3D NiMn/Ti-5 

electrocatalyst demonstrated outstanding HER activity, whereas the 3D 

NiMn/Ti-1 electrocatalyst exhibited reasonable OER efficiency with long-

term durability in both ASW and SSW. As one of the prime objectives of this 

research was to synthesize efficient electrocatalysts for renewable hydrogen 

production from water splitting and the oceanic seawater is the most abundant 

resource, therefore, the optimized 3D NiMn/Ti electrocatalyst for HER 

(NiMn/Ti-5) and OER (NiMn/Ti-1) were assembled as cathode and anode for 

investigating the overall alkaline seawater splitting performance, respectively. 

A two-electrode seawater electrolyzer was installed using ASW as the 

working electrolyte and equipped with both optimized electrocatalysts. For 

comparing the electrolytic cell efficiency, another two-electrode seawater 

(ASW) electrolyzer was equipped with fabricated NiMn/Ti-1 electrocatalysts 

as anode and a platinum (ca. 2 cm2 geometric area) sheet as cathode. The 

[NiMn/Ti-5(–)||NiMn/Ti-1(+)] electrolyzer assembly requires only 1.619 V cell 

voltage to achieve the current density of 10 mA cm−2 while the noble metal-

based electrolyzer [Pt(–)||NiMn/Ti-1(+)] assembly necessitates a 0.075 V higher 

cell voltage at 25 ℃. The recorded lower cell voltage of this binary 3D 

bifunctional seawater electrolyzer proves its competitiveness with other 

recently reported non-noble metal-based materials for OWS performance in 

SSW/ASW. Moreover, a 10 hours long continuous durability investigation of 

the equipped [NiMn/Ti-5(–)||NiMn/Ti-1(+)] electrolyzer shows no significant 

Electrolytes Catalysts 
Current density (mA cm−2) at 

2.06 V (vs. RHE) and 25 ℃ 

η10 (mV) 

at 25 ℃ 

Tafel slope 

(mV dec−1) 

1.0 M KOH 
NiMn/Ti-1 143.54 356 93 

NiMn/Ti-2 138.28 361 173 

NiMn/Ti-3 133.94 371 136 

ASW 
NiMn/Ti-1 141.97 388 114 

NiMn/Ti-2 132.92 406 92 

NiMn/Ti-3 123.3 446 86 

SSW 
NiMn/Ti-1 182.57 386 130 

NiMn/Ti-2 144.36 413 120 

NiMn/Ti-3 127.68 454 86 
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potential degradation throughout the analysis period. The assembled 

electrolyzer and the obtained results for overall seawater splitting performance 

are illustrated and depicted in Fig. 17. 

Figure 17. A digital photograph of our assembled two-electrode alkaline 

seawater electrolyzer [NiMn/Ti-5(–)||NiMn/Ti-1(+)] with generation of H2 and 

O2 bubbles (a). The LSV polarization plots of overall alkaline seawater 

splitting at 25 ℃ (b) and a durability investigation of our equipped binary 3D 

bifunctional seawater electrolyzer for 10 h (c). A comparison of OWS 

performance (d) in ASW and SSW to achieve 10 mA cm−2 current density by 

recently reported non-noble metal-based electrolyzer assembly [111-123]. 
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3.3. Synthesis and characterization of 3D NiMnCo/Ti electrocatalysts 

3.3.1. Microstructure and Morphology of 3D NiMnCo/Ti electrocatalysts 

The ternary 3D nickel-manganese-cobalt (NiMnCo) electrocatalysts were also 

fabricated via the electrochemical deposition method using the DHBT 

technique. To design and develop an enhanced and efficient HER 

electrocatalyst for freshwater/seawater splitting application with favorable 

surface morphology, two additives were introduced, namely ammonium 

sulfate, (NH4)2SO4 and boric acid (H3BO3). Ammonium sulfate plays the role 

as a modifier of the coating morphology of the electrodes, while boric acid is 

a well-known pH stabilizer of solutions. The surface morphology of 

synthesized 3D ternary NiMnCo/Ti electrocatalysts and 3D binary catalyst-

samples is demonstrated in Fig. 18. The synthesized electrocatalysts were 

denominated as NiMnCo/Ti-n (n = 1, 2), according to the molar concentration 

of Co2+ ions in the solution baths (herein, we simplified the catalysts’ 

acronyms with integer numbers. The 3D NiMnCo/Ti-1 and NiMnCo/Ti-2 

electrodes were electrochemically synthesized from the bath solutions with 

Co2+ ion concentrations of 0.1 M and 0.2 M, respectively). 

From the SEM image exhibited in Fig. 18a, the surface morphology of 

NiMnCo/Ti-2 electrocatalyst demonstrates cauliflower curd-shaped 

microspherical architecture directly deposited on conducting Ti substrate by a 

facile one-step electrodeposition method. Those compactly grown 

microspheres covered the entire surface of the substrate. The SEM image with 

higher magnification (Fig. 18a’), vividly demonstrates different dimensions 

of cauliflower curd-like microspheres piled up with ca. 7-14 µm in diameter 

that are uniformly dispersed on the substrate surface. The NiMnCo/Ti-1 

electrocatalyst also exhibits look-alike microspherical morphologies where 

the grains are not well separated rather integrated within clusters as depicted 

in Fig. 18b. The binary NiCo/Ti catalyst-sample demonstrates a rough and 

porous, clustered surface texture with finer granularity within each cluster in 

Fig. 18c, whereas the NiMn/Ti sample-electrode exhibits uneven surface 

texture with variation in roughness as exhibited in Fig. 18d. 
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Figure 18. SEM views of synthesized ternary 3D NiMnCo/Ti-2 (a, a’), 

NiMnCo/Ti-1 (b) electrocatalysts and binary NiCo/Ti (c) and NiMn/Ti (d) 

catalyst-samples. 

 

The metal loadings of synthesized 3D ternary electrocatalysts and binary 

catalyst-samples on the Ti substrate were determined by ICP-OES analysis. 

The fabricated 3D ternary NiMnCo/Ti electrocatalysts contained ca. 

15.7-19.6 wt.% of Ni content, ca. 20.4-27.8 wt.% of Mn content and approx. 

52.6-63.8 wt.% of Co content. The total metal loadings on the synthesized 3D 

ternary electrocatalysts and binary catalyst-samples were as follows: 

NiMnCo/Ti-1 (312 µg cm−2), NiMnCo/Ti-2 (351 µg cm−2), NiMn/Ti 

(235 µg cm−2) and NiCo/Ti (728 µg cm−2). 

  

 

(c)NiCo/Ti (b)NiMnCo/Ti-1 

(a’)NiMnCo/Ti-2 (a)NiMnCo/Ti-2 

(d)NiMn/Ti 
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Additionally, the electrochemically active surface area (ECSA) of the 

synthesized 3D NiMnCo/Ti-2 electrocatalyst was determined from the 

measurements of double layer capacitance (Cdl) by recording CV curves in the 

1.0 M KOH solution at various scan rates (5-50 mV s−1) in the non-faradaic 

region (Fig. 19). 

The charging current, Ic, of the electrodes at each scan rate was 

determined from the CVs via Equation (4): 

Ic [A] = (Ianodic-Icathodic)OCP (4) 

Cdl values were evaluated by plotting a graph of charging current vs. scan 

rate and calculating the slope, as shown by Eq. (5): 

Slope = Cdl [F] = ΔIc [A]/Δν [V s−1]  (5) 

Subsequently, the ECSA value for the optimized NiMnCo/Ti-2 

electrocatalyst was calculated using the specific capacitance (Cs) value of 

40 μF cm−2 [110] and Eq. (6): 

ECSA [cm2] = Cdl [μF]/Cs [μF cm−2] (6) 

Cdl was found to be 11.88 mF and the calculated ECSA value for 

NiMnCo/Ti-2 was 297 cm2, which is significantly larger than the geometric 

area of the catalyst. The NiMnCo/Ti-2 catalyst exhibited a high surface area, 

indicative of a high number of active sites and, consequently, significant 

electrocatalytic activity for HER. 

Figure 19. CVs of NiMnCo/Ti-2 in N2-saturated 1.0 M KOH in the non-

faradaic potential region at different scan rates. The inset represents capacitive 

current as a function of scan rate. 
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3.3.2. Electrocatalytic activity of 3D NiMnCo/Ti electrocatalysts for HER in 

alkaline, simulated seawater and alkaline seawater media 

The electrocatalytic HER performance of fabricated 3D NiMnCo/Ti 

electrocatalysts was investigated by recording LSVs in 1.0 M KOH solution, 

SSW (1.0 M KOH + 0.5 M NaCl) and ASW (1.0 M KOH + natural seawater) 

at 25 °C. Multiple electrodes were synthesized to monitor and verify the 

replicability of recorded LSVs for each electrocatalyst and catalyst-sample. 

At first, the polarization curves of fabricated 3D ternary NiMnCo/Ti-1, 

NiMnCo/Ti-2 electrocatalysts and two binary catalyst-samples, namely, 

NiMn/Ti and NiCo/Ti were recorded in alkaline media (1.0 M KOH solution) 

to investigate the electrocatalytic HER activity. An enhanced HER activity 

was demonstrated by the synthesized 3D NiMnCo/Ti-2 electrocatalyst as a 

nominal overpotential of 66 mV was recorded to achieve the benchmark 

10 mA cm−2 current density, outnumbering the respective NiMnCo/Ti-1 

(99 mV), NiMn/Ti (245 mV) and NiCo/Ti (283 mV) electrodes, respectively. 

After establishing NiMnCo/Ti-2 electrode as an excellent electrocatalyst 

in alkaline fresh water (1.0 M KOH), the LSV investigations were then carried 

out in formulated alkaline seawater and simulated seawater media for H2 

production, where all synthesized electrodes underwent chlorine and 

contaminant-rich adverse conditions. The self-supported ternary 3D 

NiMnCo/Ti-2 electrocatalyst exhibited the highest HER activity in alkaline 

seawater and simulated seawater compared to other materials. As-synthesized 

3D NiMnCo/Ti-2 electrocatalyst demonstrated ultra-low overpotentials of 59, 

111, and 210 mV to achieve current densities of 10, 20 and 50 mA cm−2 in 

alkaline seawater, while the lowest required overpotentials of 29 mV (η10), 

84 mV (η20), and 195 mV (η50) were registered in simulated seawater. 

Moreover, the synthesized ternary 3D NiMnCo/Ti-1 electrocatalyst also 

exhibited promising HER performance under all three investigating 

electrolytes with reasonably minimum overpotentials of 99 mV (1.0 M KOH), 

99 mV (ASW) and 89 mV (SSW) to achieve the benchmark 10 mA cm−2 

current density. The required overpotentials (η10) of fabricated electrocatalysts 

and catalyst-samples are as follows: 

 

In alkaline media: 

NiMnCo/Ti-2 (66 mV) > NiMnCo/Ti-1 (99 mV) > NiMn/Ti (245 mV)  

> NiCo/Ti (283 mV) 

In ASW media: 

NiMnCo/Ti-2 (59 mV) > NiMnCo/Ti-1 (99 mV) > NiMn/Ti (205 mV)  

> NiCo/Ti (270 mV) 
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In SSW media: 

NiMnCo/Ti-2 (29 mV) > NiMnCo/Ti-1 (89 mV) > NiMn/Ti (195 mV)  

> NiCo/Ti (267 mV) 

 

The recorded LSV polarization curves of fabricated electrodes were used 

to extract the corresponding Tafel plots investigated under all three 

electrolytes and the required overpotentials to achieve the benchmark current 

densities of 10, 20, and 50 mA cm−2 were illustrated with the elevation of the 

column bars as depicted in in Fig. 20 and listed in Table 8. 

 

 

 

Figure 20. The HER polarization curves of synthesized 3D ternary 

NiMnCo/Ti electrocatalysts and binary catalyst-samples in 1.0 M KOH, ASW 

and SSW at 25 °C and 10 mV s−1 potential scan rate (a, d, g) with their 

corresponding extracted Tafel plots (b, e, h) and required overpotentials to 

reaching the current densities of 10, 20 and 50 mA cm−2 (c, f, i), respectively. 
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The Tafel slope values for the optimized ternary 3D NiMnCo/Ti-2 

electrocatalyst were 210, 178, and 188 mV dec−1 for HER in alkaline media 

(1.0 M KOH), alkaline seawater and simulated seawater, respectively.  

Table 8. Summarized electrochemical data of the investigated 3D ternary 
electrocatalysts and binary catalyst-samples toward HER in 1.0 M KOH, 
alkaline seawater and simulated seawater at 25 ℃. 

Electrolytes Catalysts 
Current density (mA cm−2) at 

-0.43 V (vs. RHE) and 25 ℃ 

η10 (mV) 

at 25 ℃ 

Tafel slope 

(mV dec−1) 

1.0 M KOH 

NiCo/Ti 61.5 283 137 

NiMn/Ti 58 245 169 

NiMnCo/Ti-1 95.5 99 231 

NiMnCo/Ti-2 108.3 66 210 

ASW 

NiCo/Ti 75.8 270 144 

NiMn/Ti 68.8 205 177 

NiMnCo/Ti-1 116.7 99 183 

NiMnCo/Ti-2 141.1 59 178 

SSW 

NiCo/Ti 79.7 267 141 

NiMn/Ti 76.7  195 192 

NiMnCo/Ti-1 119.5 89 148 

NiMnCo/Ti-2 142.5 29 188 

 

Moreover, to evaluate the applicability for practical use, the optimized 

NiMnCo/Ti-2 electrocatalyst was investigated by 50 hours long continuous 

operation under all three electrolyte conditions. The durability of the 

optimized NiMnCo/Ti-2 electrocatalyst was evaluated by conducting long-

term chronopotentiometry (CP) at a fixed current density of 10 mA cm−2 and 

chronoamperometry (CA) at a constant potential of -0.23 V (vs. RHE). 

The synthesized 3D NiMnCo/Ti-2 electrocatalyst demonstrated an 

outstanding electrocatalytic stability by the CP investigations, as the 

optimized electrocatalyst exhibited insignificant fluctuation of potentials 

(ca. 4-21 mV) after 50 hours of analysis. The CA investigations were also 

conducted using the optimized NiMnCo/Ti-2 electrocatalyst, resulting in 

exceptional current retentions of ca. 90-95% upon calculation after 50 hours. 

Nevertheless, a multi-step CP analysis with variable current densities ranging 

from 20 mA cm−2 to 100 mA cm−2 was also carried out in 1.0 M KOH and 

simulated seawater for 18 hours to prove the robust nature and enhanced 

durability of the synthesized electrocatalyst. The findings are illustrated and 

demonstrated in Fig. 21. 
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Figure 21. Chronopotentiometry at 10 mA cm−2 (a) and chronoamperometry 

at -0.23 V (vs. RHE) (b) plots of optimized NiMnCo/Ti-2 electrocatalyst for 

50 hours under 1.0 M KOH, alkaline seawater and simulated seawater, 

respectively. A multi-step chronopotentiometry analysis with variable current 

densities ranging from 20 mA cm−2 to 100 mA cm−2 for 18 hours under 1.0 M 

KOH (c) and simulated seawater (d). 
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CONCLUSION 

• Non-noble transition metal-based 3D NiMo/Ti electrocatalysts were 

successfully synthesized via the electrochemical deposition method through a 

dynamic hydrogen bubble template (DHBT) technique and their 

electrocatalytic HER and OER activity was investigated in alkaline media 

(1.0 M NaOH). The fabricated 3D NiMo/Ti electrocatalysts have exhibited 

modest HER and OER performance in alkaline media. 

• The synthesized 3D NiMn/Ti electrocatalysts exhibit enhanced HER 

performance in alkaline media, simulated seawater (SSW) and alkaline 

seawater (ASW), where the performance of the optimized NiMn/Ti-5 

electrocatalyst was exceptional. To achieve the benchmark current density of 

10 mA cm−2 by the efficient 3D NiMn/Ti-5 HER electrocatalyst, the minimum 

required overpotentials were 127 mV (1.0 M KOH), 79 mV (ASW) and 64 

mV (SSW), whereas the best-performing 3D NiMn/Ti-1 OER electrocatalyst 

requires reasonably lower overpotentials of 356 mV (1.0 M KOH), 388 mV 

(ASW) and 386 mV (SSW). The optimized NiMn/Ti-5 HER electrocatalyst 

and NiMn/Ti-1 OER electrocatalyst underwent long-term stability tests for 10 

hours and 24 hours, respectively, where no significant deterioration of 

potentials was found. 

• The optimized NiMn/Ti-5 electrocatalyst demonstrated enhanced HER 

performance in all three investigated electrolytes due to its unique porous 

surface morphology, featuring a high density of pores with distinctly different 

sizes. These interconnected pores increase the number of active sites, promote 

the formation of multiple channels for electrolyte diffusion, and accelerate 

electron transport efficiency. 

• The best-performing 3D NiMn/Ti-5 and NiMn/Ti-1 electrocatalysts were 

assembled as the cathode and anode, respectively, in a two-electrode alkaline 

seawater (ASW) electrolyzer to evaluate overall water splitting (OWS) 

performance. The [NiMn/Ti-5(–)||NiMn/Ti-1(+)] configuration exhibited 

superior OWS activity, achieving a current density of 10 mA cm−2 at 25  °C 

with a cell voltage of 1.619 V, outperforming the precious noble metal-based 

[Pt(–)||NiMn/Ti-1(+)] electrolyzer (1.694 V). 

• Finally, noble 3D ternary NiMnCo/Ti electrocatalysts were fabricated via 

electrodeposition using the DHBT technique. The optimized NiMnCo/Ti-2 

electrocatalyst, featuring a cauliflower curd-like microspherical surface 

morphology, demonstrated outstanding and highly efficient HER activity in 

all three investigated electrolytes. The ultra-low overpotentials required to 

reach the benchmark current density of 10 mA cm−2 were 66 mV (1.0 M 
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KOH), 59 mV (ASW), and 29 mV (SSW). The optimized 3D NiMnCo/Ti-2 

electrocatalyst showed remarkable stability across all electrolytes, with 

current retention around 90-95% and insignificant potential fluctuations after 

50 hours of testing. Additionally, the NiMnCo/Ti-2 electrocatalyst underwent 

a multi-step chronopotentiometric test with varying current densities from 20 

to 100 mA cm−2 in 1.0 M KOH and SSW media, maintaining exceptional 

stability throughout. 

• The electrochemically active surface area (ECSA) of the optimized 3D 

NiMnCo/Ti-2 electrocatalyst was 297 cm2, approximately 150 times larger 

than its geometric surface area. This high ECSA value indicates the possibility 

of a high number of active sites, significantly enhancing its electrocatalytic 

activity for the HER. Consequently, the enhanced and outstanding 

electrocatalytic performance for HER, combined with superior long-term 

stability in alkaline freshwater and seawater, demonstrates the robustness and 

structural integrity of the synthesized electrocatalyst, confirming its viability 

for practical large-scale hydrogen production from realistic seawater.  
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SANTRAUKA LIETUVIŲ KALBA 

ĮVADAS 

Energetinis saugumas ir nenutrūkstamas energijos tiekimas tapo svarbiais 

pasaulinio masto iššūkiais, nes sparčiai augantis gyventojų skaičius ir 

pramonės plėtra lemia greitą gamtinių išteklių sekimą. Riboti, iškastiniu kuru 

pagrįsti energijos šaltiniai nuo seniausių civilizacijos laikų buvo pagrindinis 

energijos šaltinis, o po pramonės revoliucijos pasaulinis energijos poreikis 

ėmė augti eksponentiškai [1]. Iškastinio kuro – anglies, naftos ir gamtinių dujų 

– deginimas išskiria milijonus tonų anglies dioksido (CO2), anglies monoksido 

(CO), sieros dioksido (SO2), azoto oksidų (NOx) ir metano (CH4), bendrai 

vadinamų šiltnamio efektą sukeliančiomis dujomis. Didelis iškastinio kuro 

vartojimas ne tik eikvoja gamtinius išteklius, bet ir kelia rimtą grėsmę 

žmonijai: globalinis atšilimas, klimato kaita, aplinkos tarša, jūros lygio 

kilimas ir kitos ekologinės pasekmės yra tiesioginis perteklinio 

angliavandenilių deginimo rezultatas. Be to, iškastinio kuro atsargos yra 

ribotos ir geografiškai netolygiai pasiskirsčiusios, todėl spartus jų 

išeikvojimas gali lemti energijos stygių ir skatinti geopolitinius konfliktus. 

Dėl šių priežasčių per pastaruosius dešimtmečius itin išaugo susidomėjimas 

alternatyviais, aplinkai draugiškais ir tvariais atsinaujinančiais energijos 

šaltiniais [2, 3]. 

Siekiant spręsti tiek energetinio saugumo, tiek aplinkos tvarumo 

klausimus mažinant šiltnamio efektą sukeliančių dujų emisiją, vandenilis (H2) 

laikomas viena perspektyviausių alternatyvų iškastiniam kurui. Jis pasižymi 

didžiausiu energijos tankiu masės vienetui (apie 142 MJ/kg), neišskiria 

anglies dioksido, yra gausiai paplitęs Žemėje ir lengvai pritaikomas įvairioms 

reikmėms [4, 5]. Vandenilio šaltiniai yra įvairūs, o pagal gamybos 

technologijas jis skirstomas į tris pagrindines kategorijas: žaliąjį, mėlynąjį ir 

pilkąjį vandenilį [6]. Pilkasis vandenilis – tai dažniausiai pasitaikanti 

vandenilio rūšis, gaminama taikant garinio metano reformavimo technologiją. 

Mėlynasis vandenilis gaunamas iš pilkojo, taikant anglies dioksido surinkimo, 

saugojimo arba panaudojimo technologijas. Žaliojo vandenilio gamyba, 

pasižyminti nulinėmis arba labai mažomis anglies emisijomis, grindžiama 

vandens elektrolize, vykdoma naudojant atsinaujinančius energijos šaltinius, 

tokius kaip vėjas, saulė, geoterminė ar bioenergija. Šis metodas laikomas 

perspektyviausia alternatyva tradiciniam iškastiniam kurui, siekiant 

pramoniniu mastu gaminti aukšto grynumo vandenilį be anglies emisijų [7]. 

Vandenilio sintezė elektrolizės būdu apima dvi pagrindines pusreakcijas: 

katodinę vandenilio išsiskyrimo reakciją (HER) ir anodinę deguonies 
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išsiskyrimo reakciją (OER). Norint pagaminti 1 kg vandenilio, 

stechiometriškai reikia apie 9 litrų gryno vandens [8, 9]. 

Elektrokatalitinis vandens skaidymas standartinėmis sąlygomis yra 

termodinamiškai nepalankus procesas dėl lėtos keturių elektronų pernašos 

kinetikos, būdingos deguonies išsiskyrimo reakcijai OER. Ši kinetinė inercija 

lemia santykinai didelius viršįtampius ir laikoma pagrindiniu kliuviniu visam 

elektrocheminiam vandens skaidymo procesui [10]. Norint pasiekti 100 % 

efektyvumą, vandens elektrolizės procesui reikia mažiausiai 39,4 kWh 

energijos vienam kilogramui vandenilio pagaminti, tačiau įprastas 

elektrolizeris tam sunaudoja iki 50 kWh, nors esant aukštam slėgiui ir 

temperatūrai galima pasiekti didesnį efektyvumą [11]. Vis dėlto apie 97 % 

visų pasaulio vandens išteklių sudaro vandenynų ir jūrų vanduo, o tinkamo 

naudoti gėlo vandens prieinamumas išlieka reikšmingu iššūkiu elektrolizerių 

technologijų plėtrai, ypač atsižvelgiant į spartų pasaulio gyventojų skaičiaus 

augimą ir su tuo susijusius šiuolaikinio gyvenimo standartų poreikius. 

Praktinis ir realus vandens skaidymas gali būti įgyvendintas tik įveikus šias 

kliūtis. 

Pažangiausi platinos grupės metalų (PGM) katalizatoriai pasižymi 

išskirtiniu elektrokatalitiniu aktyvumu vandens elektrolizeriuose: Pt ir Pt 

pagrindu sukurti katalizatoriai laikomi etaloniniais HER (vandenilio 

išsiskyrimo reakcijos) elektrokatalizatoriais, o Ir ir Ru pagrindu sukurti 

junginiai (IrO2/RuO2) – aukštos kokybės, komerciškai prieinami OER 

(deguonies išsiskyrimo reakcijos) katalizatoriai [12-15]. Vis dėlto ribotos šių 

tauriųjų metalų atsargos gamtoje ir jų didelė kaina yra pagrindiniai veiksniai, 

trukdantys pramoniniu mastu plėtoti ir komercializuoti vandenilio gamybą 

elektrokatalitinio vandens skaidymo būdu. Todėl ekonomiškai efektyvaus, 

stabilaus ir didelio našumo bifunkcinio elektrokatalizatoriaus kūrimas bei 

tobulinimas yra esminis žingsnis siekiant įveikti technologinius barjerus 

atsinaujinančio žaliojo vandenilio gamyboje iš gėlo ir jūros vandens.  

DARBO TIKSLAS 

Taikant dinaminio vandenilio burbulų šablono (DHBT) metodą, sukurti 

netauriųjų pereinamųjų metalų (Ni, Mo, Mn ir Co) pagrindu veikiančius 

elektrokatalizatorius, ištirti jų mikrostruktūrą, cheminę sudėtį, paviršiaus 

morfologiją bei įvertinti sukurtų elektrodų elektrokatalitinį aktyvumą ir 

stabilumą vandenilio išsiskyrimo reakcijoje (HER), deguonies išsiskyrimo 

reakcijoje (OER) ir bendrame vandens skaidyme šarminiuose gėlojo ir jūros 

vandens elektrolituose. 
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DARBO UŽDAVINIAI 

• Sukurti netauriųjų pereinamųjų metalų (Ni ir Mo) pagrindu veikiančius 

elektrokatalizatorius ir ištirti jų elektrokatalitinį aktyvumą bei stabilumą HER 

ir OER reakcijose šarminėje terpėje. 

• Sukurti binarius Ni ir Mn pagrindu veikiančius elektrokatalizatorius, 

naudojant skirtingas mangano druskų koncentracijas bei priedus, ir įvertinti jų 

HER ir OER aktyvumą bei stabilumą šarminėje terpėje, dirbtiniame jūros 

vandenyje ir šarminiame natūraliame jūros vandenyje. 

• Susintetintų NiMn/Ti elektrokatalizatorių apibūdinimas ir jų padidėjusio 

katalitinio aktyvumo priežasčių paaiškinimas. 

• Ištirti bendro jūros vandens skaidymo efektyvumą laboratorinio lygmens 

dviejų elektrodų elektrolizeryje, naudojant optimizuotus bifunkcinius 

NiMn/Ti elektrokatalizatorius. 

• Susintetinti trinarius elektrodus, kurių sudėtyje yra Ni, Mn ir Co, keičiant 

kobalto druskų koncentraciją, ir ištirti Co įtaką HER reakcijos aktyvumui ir 

stabilumui šarminiuose gėlo ir jūros vandens elektrolituose. 

• Apibūdinti NiMn/Ti ir NiMnCo/Ti elektrokatalizatorius bei pateikti galimą jų 

padidėjusio HER aktyvumo priežasčių paaiškinimą. 

MOKSLINIS NAUJUMAS 

• Paprastas, mažų sąnaudų elektrocheminio nusodinimo metodas, taikant 

dinaminio vandenilio burbulo šablono (DHBT) techniką, buvo pritaikytas 

binarių ir ternarinių 3D netauriųjų metalų pagrindu sukurtų 

elektrokatalizatorių sintezei. Sukurtų elektrokatalizatorių katalitinis 

aktyvumas ir stabilumas buvo ištirti vandens skaidymui šarminiame gėlame 

vandenyje, imituotame jūros vandenyje ir šarminiame natūraliame jūros 

vandenyje. 

• Pirmą kartą nustatyta, kad elektrochemiškai susintetintas NiMn/Ti-5 

elektrokatalizatorius, panaudojant DHBT techniką, pasižymi puikiu HER 

elektrokatalitiniu aktyvumu ir stabilumu dėl susiformavusios itin porėtos 

struktūros. 

• Pirmą kartą parodyta, kad NiMn/Ti-1 ir NiMn/Ti-5 elektrodų pora (nusodinta 

iš tirpalų, kurių Ni2+:Mn2+ moliniai santykiai atitinkamai 1:1 ir 1:5) gali būti 

efektyviai panaudota dviejų elektrodų jūros vandens elektrolizeryje kaip 

anodas ir katodas, pasiekiant mažesnę elemento įtampą nei platinos pagrindu 

sukurtiems elektrodams. 
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• Išskirtinis sukurtų ternarinių 3D NiMnCo/Ti elektrokatalizatorių veikimas ir 

ilgalaikis stabilumas (iki 50 val.) parodė HER aktyvumą su itin mažu 

viršįtampiu (29 mV esant 10 mA cm−2), kuris prilygsta komerciškai 

prieinamiems tauriųjų metalų pagrindu sukurtiems elektrodams. 

GINAMIEJI TEIGINIAI 

• Elektrocheminio nusodinimo metodas, taikant dinaminio vandenilio burbulo 

šablono (DHBT) techniką, leidžia formuoti įvairios binarinės ir ternarinės 

sudėties elektrokatalizatorius ant titano (Ti) paviršių.  

• Elektrochemiškai nusodinti 3D elektrokatalizatoriai pasižymi dideliu 

elektrochemiškai aktyvaus paviršiaus plotu (ECSA), kuris daugiau nei 100 

kartų viršija jų geometrinį plotą, o tai lemia žymiai padidėjusį katalitinį 

aktyvumą, ypač vandenilio išsiskyrimo reakcijoje (HER).  

• Naudojant DHBT metodą susintetinti optimizuoti binariniai HER ir OER 

elektrokatalizatoriai buvo panaudoti atitinkamai kaip katodas ir anodas, ir 

parodė efektyvų bendrą šarminio jūros vandens skaidymą, pranokstantį 

tauriųjų metalų pagrindu veikiančių elektrolizerių sistemas.  

• Visi optimizuoti elektrokatalizatoriai išlaikė ilgalaikį stabilumą elektrolizės 

metu esant agresyvioms jūros vandens sąlygoms – be reikšmingų potencialo 

svyravimų ir su nereikšmingu srovės tankio sumažėjimu, patvirtindami savo 

struktūrinį vientisumą ir praktinį pritaikomumą tvariai vandenilio gamybai. 

AUTORIAUS INDĖLIS 

Disertacijos autorius suformulavo visas galvaninio nusodinimo voneles ir 

tiriamąsias elektrolitų sudėtis, taip pat elektrocheminio nusodinimo būdu ant 

titano (Ti) pagrindo sukūrė rišiklio nenaudojančias, savaime palaikančias 3D 

elektrokatalizatorių dangas. Autorius buvo atsakingas už mėginių paruošimą 

charakterizavimui taikant SEM ir ICP-OES metodus. Visi šiame darbe 

pateikti elektrocheminiai tyrimai, skirti HER, OER ir bendro vandens 

skaidymo (OWS) efektyvumui įvertinti, buvo atlikti autoriaus, taikant LSV 

matavimus bei atliekant stabilumo tyrimus naudojant chronoamperometriją ir 

chronopotenciometriją. Be to, autorius atliko duomenų analizę, 

eksperimentinių rezultatų interpretavimą, parengė grafinę medžiagą ir visus 

žemiau išvardintus mokslinius straipsnius. Disertaciją autorius parašė 

savarankiškai, tinkamai nurodydamas šaltinius visai informacijai, kuri nėra jo 

originalus darbas. Gauti rezultatai buvo pristatyti nacionalinėse ir 

tarptautinėse konferencijose – tiek žodiniuose, tiek stendiniuose 

pranešimuose.  
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EKSPERIMENTO METODIKA 

Pagrindo paruošimas. 

Prieš kiekvieno elektrodo gamybą titano (Ti) pagrindai buvo išpjaustyti iš 

folijos į 1×1 cm dydžio kvadratus skirtus tiek elektrocheminiams 

matavimams, tiek struktūrinei charakterizacijai. Po pjovimo paviršius buvo 

šlifuojamas naudojant iki 1000 gritų abrazyvą ir nuriebalinamas etanoliu, 

siekiant pašalinti natūralų oksido sluoksnį. Vėliau plokštelės buvo kruopščiai 

nuplaunamos dejonizuotu vandeniu ir aktyvuojamos trumpai (10 s), 

panardinant į praskiestą sieros rūgštį (H2SO4, 1:1 tūrio santykiu) 70 °C 

temperatūroje. Po to jos dar kartą nuplaunamos dejonizuotu vandeniu. 

3D binarių ir trinarių elektrokatalizatorių sintezė. 

Rišiklio nenaudojantys, atramos nereikalaujantys 3D binariai (NiMo/Ti, 

NiMn/Ti) ir trinariai (NiMnCo/Ti) elektrokatalizatoriai buvo susintetinti 

taikant paprastą, mažų sąnaudų elektrocheminio nusodinimo metodą, 

pasitelkiant dinaminio vandenilio burbulų šablono (DHBT) techniką. Buvo 

suformuluotos galvaninio nusodinimo vonelės, o nusodinimo procesai atlikti 

pagal 2, 3 ir 4 lentelėse (25, 26 ir 27 psl.) pateiktus parametrus. Taip pat buvo 

pagaminti keli vieno elemento pagrindu sudaryti elektrokatalizatorių 

pavyzdžiai (pvz., Ni/Ti, Mn/Ti) bei binarių (pvz., NiMn/Ti, NiCo/Ti) 

katalizatorių variantai, siekiant palyginti jų aktyvumą, naudojant tuos pačius 

priedus ir nekeičiant nusodinimo sąlygų. Po nusodinimo visi 

elektrokatalizatoriai buvo nuplauti dejonizuotu vandeniu ir išdžiovinti 

kambario temperatūroje. 

Elektrocheminiai matavimai ir charakterizavimas.  

Elektrocheminiai tyrimai buvo atlikti siekiant įvertinti HER, OER ir bendro 

vandens skaidymo (OWS) reakcijų efektyvumą, taikant linijinę 

voltamperometriją (LSV). Matavimai atlikti naudojant PGSTAT302 

potenciostatą su programine įranga Nova 2.1.4 (Metrohm Autolab B.V., 

Utrechtas, Nyderlandai). Visi eksperimentai buvo vykdomi standartinėje trijų 

elektrodų celėje, kurioje darbinis elektrodas turėjo 2 cm2 plotą, palyginamasis 

elektrodas buvo prisotintas kalomelio elektrodas (SCE), o pagalbinis – grafito 

strypas. Visi išmatuoti potencialai buvo konvertuoti į reversinio vandenilio 

elektrodo (RHE) skalę pagal šią formulę: 

ERHE = ESCE + 0.242 V + 0.059 V × pHtirpalo  (3) 

Pradiniuose tyrimuose kaip šarminė terpė buvo naudojamas 1,0 M NaOH 

tirpalas kaip šarminė terpė, vėliau – 1,0 M KOH. Tyrimai taip pat išplėsti, 

įtraukiant dirbtinį jūros vandenį ir šarminį natūralų jūros vandenį tiriant HER, 
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OER ir OWS reakcijas. Prieš kiekvieną matavimą elektrolitas buvo 20 min 

prisotinamas argonu (Ar), siekiant pašalinti ištirpusį deguonį. 

Elektrokatalizatorių aktyvumas buvo vertinamas registruojant LSV 

kreives 25-75 °C temperatūros intervale. HER matavimams potencialas buvo 

keičiamas nuo atviros grandinės potencialo (OCP) iki -0,43 V (vs. RHE), o 

OER – nuo OCP iki 2,06 V (vs. RHE), abiem atvejais taikant 10 mV s−1 

elektrodo potencialo skleidimo greitį. OWS efektyvumas buvo vertinamas 

dviejų elektrodų celėje, naudojant šarminį jūros vandenį ir optimizuotus 

NiMn/Ti elektrokatalizatorius kaip anodą ir katodą. LSV kreivės buvo 

registruojamos 1,0-2,6 V įtampų intervale, taikant tą patį 10 mV s−1 skleidimo 

greitį. Elektrochemiškai aktyvus paviršiaus plotas (ECSA) optimizuotam 3D 

NiMnCo/Ti-2 elektrokatalizatoriui buvo nustatytas pagal dvigubo sluoksnio 

talpą (Cdl), registruojant ciklines voltamperogramas (CV) 1,0 M KOH tirpale, 

esant skirtingiems elektrodo potencialo skleidimo greičiams (5-50 mV s−1) 

nefaradėjinėje srityje. 

Stabilumo tyrimai.  

Ilgalaikis optimizuotų elektrokatalizatorių stabilumas buvo vertinamas 

registruojant chronoamperometrines (CA) kreives esant pastoviam 

potencialui -0,23 V (HER) ir 1,81 V (OER) (vs. RHE), taip pat 

chronopotenciometrines (CP) kreives esant 10 mA cm−2 srovės tankiui. Be to, 

buvo atlikta daugiaetapė CP analizė, taikant palaipsniui didėjančius, o vėliau 

mažėjančius srovės tankius nuo 20 mA cm−2 iki 100 mA cm−2, siekiant 

įvertinti optimizuoto 3D trinario NiMnCo/Ti-2 elektrodo, pasižyminčio 

išskirtinėmis HER elektrokatalizinėmis savybėmis, patikimumą ir ilgalaikį 

stabilumą. 

Struktūrinė analizė.  

Binarių ir trinarių elektrokatalizatorių mikrostruktūra ir paviršiaus 

morfologija buvo tiriama naudojant skenuojantį elektroninį mikroskopą 

Helios TM4000Plus (Hitachi, Tokijas, Japonija) su energijos dispersijos 

rentgeno spektrometru (AZtecOne, Oxford Instruments, Jungtinė Karalystė). 

Metalo kiekiai elektroduose buvo nustatyti taikant ICP-OES analizę, 

naudojant spektrometrą Optima 7000DV (Perkin Elmer, JAV), registruojant 

emisijos spektrus ties šiais bangos ilgiais:  

Ni – 231,604 nm, Mo – 202,031 nm, Mn – 257,610 nm, Co – 228,616 nm.  
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REZULTATŲ APTARIMAS 

3D NiMo/Ti elektrokatalizatorių morfologija.  

Skenuojančiosios elektroninės mikroskopijos (SEM) vaizdai parodė, kad 

susintetintų 3D binarių NiMo/Ti-1 ir NiMo/Ti-2 elektrokatalizatorių paviršius 

buvo tolygiai padengtas be įtrūkimų, lygus ir vienodai pasiskirsčiusiomis 

nikelio ir molibdeno dalelėmis, tačiau morfologiškai neišsiskyrė. Tuo tarpu 

NiMo/Ti-3 elektrokatalizatorius, nusodintas iš tirpalo su didesne Ni2+ jonų 

koncentracija (1,0 M), suformavo unikalią, kedro lapus primenančią struktūrą, 

visiškai padengiančią titano paviršių. Šios kedro lapo formos Ni-Mo 

architektūros, stebimos esant didesniam didinimui, pasižymi netaisyklingai 

išsidėsčiusiomis, aiškiai apibrėžtomis struktūromis, kurios skiriasi dydžiu ir 

forma. 

3D NiMo/Ti elektrokatalizatorių HER ir OER aktyvumo tyrimas. 

Susintetintų NiMo/Ti elektrodų elektrokatalitinis aktyvumas buvo tirtas 

taikant LSV metodą, naudojant Ar prisotintą 1,0 M NaOH elektrolitą esant 

25 °C temperatūrai. Optimizuotas NiMo/Ti-3 elektrokatalizatorius, gautas 

nusodinant iš tirpalo, kuriame buvo didesnė (1,0 M) Ni2+ jonų koncentracija, 

pasižymėjo pagerintu vandenilio išsiskyrimo reakcijos (HER) aktyvumu – 

norint pasiekti standartinį srovės tankį (10 mA cm−2) šarminėje terpėje, 

reikėjo tik 288 mV viršįtampio. Deguonies išsiskyrimo reakcijos (OER) 

atveju šiam katalizatoriui buvo būdingas palyginti nedidelis 580 mV 

viršįtampis. Remiantis gautais voltamperogramų duomenimis, buvo sudarytos 

Tafel kreivės tiek HER, tiek OER analizei. Optimizuoto NiMo/Ti-3 

elektrokatalizatoriaus stabilumas buvo vertintas taikant CA matavimą, 

palaikant -0,23 V (vs. RHE) potencialą HER reakcijai 2 valandas. Be to, ta 

pati CA analizė buvo atlikta palaikant 1,81 V (vs. RHE) potencialą per 2 

valandas, siekiant įvertinti katalizatoriaus ilgaamžiškumą OER sąlygomis. 

Gauti voltamperogramų rezultatai ir kita susijusi informacija pateikiami 11 

pav. ir 5 lentelėje (32 psl).  

3D NiMn/Ti elektrokatalizatorių mikrostruktūra ir paviršiaus 

morfologija.  

3D nikelio-mangano (NiMn) binarės dangos buvo susintetintos taikant 

dinaminio vandenilio burbulų šablono (DHBT) metodą. Siekiant sukurti 

efektyvų bifunkcinį elektrokatalizatorių su palankia paviršiaus morfologija, 

buvo naudotas (NH4)2SO4 kaip dangos struktūros modifikatorius ir boro 

rūgštis (H3BO3) kaip pH stabilizatorius. Elektrokatalizatoriai buvo žymimi 

kaip NiMn/Ti-n (n = 1, 2, 3, 4, 5), priklausomai nuo Ni2+:Mn2+ molinių 
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santykių nusodinimo vonelėse (pvz., NiMn/Ti-1 ir NiMn/Ti-5 atitinkamai 

atitiko santykius 1:1 ir 1:5). NiMn/Ti-1 pasižymėjo tipiška globuline 

morfologija su smulkiomis granulėmis, tolygiai padengusiomis paviršių. 

Padidinus Mn kiekį (Ni2+:Mn2+ = 1:2), NiMn/Ti-2 paviršiuje susiformavo 

didesnės granulės. NiMn/Ti-3 paviršius pasižymėjo nelygia, šiurkščia, 

plokštelių tipo heterostruktūrine morfologija. Pažymėtina, kad aukštesnės 

celės įtampos vertės buvo užfiksuotos elektrocheminio nusodinimo metu, kai 

vonelės tirpale buvo didesnis Ni2+:Mn2+ molinis santykis. Be to, NiMn dangų 

nusodinimas rūgštinėje terpėje buvo pasirinktas siekiant paskatinti intensyvų 

vandenilio burbuliukų susidarymą, o atlikus elektrolizę pastebėta, kad 

burbuliukų formavimasis nuosekliai intensyvėjo. Atsižvelgiant į šiuos 

veiksnius, galima manyti, kad Ni ir Mn dalelės pradėjo kauptis (aglomeruotis) 

ant titano paviršiaus, sudarydamos mažus iškilimus ar gūbrio formos darinius, 

kai buvo vykdoma NiMn/Ti-4 katalizatoriaus elektrocheminė danga. 

Galiausiai, taikant dinaminio vandenilio burbulų šablono metodiką, 

NiMn/Ti -5 elektrokatalizatoriaus paviršiaus morfologija virto unikalia 

mikrodydžio porėta architektūra su įvairaus dydžio poromis, kurios pagerina 

elektrolito difuziją, elektronų pernašą ir padidina aktyvių vietų/ centrų skaičių.  

3D NiMn/Ti elektrokatalizatorių HER aktyvumo tyrimas. 

Susintetintų 3D NiMn/Ti elektrokatalizatorių HER aktyvumas buvo tirtas 

užrašant LSV kreives 1,0 M KOH tirpale, dirbtiniame jūros vandenyje (1,0 M 

KOH + 0,5 M NaCl) ir šarminiame natūraliame jūros vandenyje (1,0 M KOH 

+ natūralus jūros vanduo), esant 25 °C temperatūrai ir 10 mV s−1 elektrodo 

potencialo skleidimo greičiui ir skleidžiant elektrodo potencialą. Kiekvienas 

elektrodas buvo paruoštas tris kartus, siekiant patikrinti rezultatų 

pakartojamumą. Iš visų tirtų elektrodų, 3D NiMn/Ti-5, turintis didžiausią Mn 

kiekį, parodė geriausią HER aktyvumą. Šis optimizuotas elektrokatalizatorius 

pasiekė 10 mA cm−2 srovės tankį esant tik 127 mV viršįtampiui šarminėje 

terpėje, o tai buvo geresnis rezultatas nei NiMn/T-4 (145 mV) ir NiMn/Ti-3 

(150 mV). Naudojant natūralų jūros vandenį iš Baltijos jūros (Klaipėdos 

pakrantė), NiMn/Ti-5 taip pat pademonstravo išskirtinį aktyvumą – reikėjo tik 

79 mV viršįtampio. Dar geresnis rezultatas buvo pasiektas dirbtiniame jūros 

vandenyje – tik 64 mV viršįtampis. Be to, šio elektrokatalizatoriaus 

stabilumas buvo tirtas visose trijose terpėse taikant CP metodą esant 

10 mA cm−2 srovės tankiui ir CA metodą esant -0,23 V (vs. RHE) potencialui 

10 valandų trukmės testuose, esant 25 °C temperatūrai. Optimizuotas 3D 

NiMn/Ti-5 elektrokatalizatorius visose tirtose terpėse pasižymėjo tik 

nežymiais potencialo svyravimais (~15-57 mV), o CA analizė parodė aukštą 

srovės išlaikymą – virš 85% po analizės pabaigos.  
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3D NiMn/Ti elektrokatalizatorių OER aktyvumo tyrimas.  

Susintetinti binariai 3D NiMn/Ti elektrokatalizatoriai buvo tirti siekiant 

įvertinti jų elektrokatalitinį aktyvumą (OER), registruojant LSV kreives 

visose trijose tiriamose terpėse: 1,0 M KOH, dirbtiniame ir natūraliame 

šarminiame jūros vandenyje, esant 25 °C temperatūrai. Kiekvieno tiriamo 

elektrodo OER aktyvumo pakartojamumas buvo patikrintas atliekant 

pakartotinius matavimus.  

Iš vonelės su Ni2+:Mn2+ molinis santykis buvo 1:1, nusodintas 3D 

NiMn/Ti-1 elektrokatalizatorius parodė išskirtinį OER aktyvumą šarminėje 

terpėje – norint pasiekti 10 mA cm−2 srovės tankį, reikėjo tik 356 mV 

viršįtampio. Šis rezultatas buvo geresnis nei NiMn/Ti-2 (361 mV) ir 

NiMn/Ti -3 (371 mV) elektrodų. Pastebėta, kad OER aktyvumas mažėjo 

didėjant Mn kiekiui elektroduose, todėl trys geriausiai veikę NiMn/Ti OER 

elektrokatalizatoriai (NiMn/Ti-1, NiMn/Ti-2 ir NiMn/Ti-3) buvo nuodugniai 

ištirti atliekant LSV analizę esant skirtingai elektrolito temperatūrai. 

Optimizuotas NiMn/Ti-1 elektrokatalizatorius taip pat parodė gerą OER 

aktyvumą šarminiame jūros vandenyje – reikalingi viršįtampiai, norint 

pasiekti 10 mA cm−2 srovės tankį, buvo 388 mV dirbtiniame jūros vandenyje 

(ASW) ir 386 mV natūraliame šarminiame jūros vandenyje (SSW). 

OER aktyvumo sumažėjimas ASW ir SSW terpėse paaiškinamas dviem 

pagrindinėmis priežastimis: 

i) Chloro išsiskyrimo reakcija (ClER) – tai konkurencinė reakcija, 

vykstanti kartu su OER, kuri mažina srovės efektyvumą dėl hipohlorito ir kitų 

chloro junginių susidarymo aukšto pH terpėje. 

ii) Natūraliame jūros vandenyje esantys Ca2+, Mg2+, Br–, SO4
2– jonai, 

bakterijos ir kietosios dalelės sukelia nuosėdų susidarymą, katalizatoriaus 

paviršiaus užteršimą, aktyvių vietų pasyvaciją ir išplovimą, dėl ko mažėja 

OER efektyvumas.  

Be to, CP ir CA matavimai, atlikti su optimizuotu NiMn/Ti-1 

elektrokatalizatoriumi, esant 1,81 V (vs. RHE) potencialui ir 10 mA cm−2 

srovės tankiui, parodė ilgalaikį stabilumą visose tirtose terpėse – 1,0 M KOH, 

ASW ir SSW. Optimizuotas NiMn/Ti-1 elektrokatalizatorius pasižymėjo tik 

nežymiais potencialo svyravimais (apie 34-40 mV) SSW ir ASW terpėse, o 

CA analizė parodė išskirtinį srovės išlaikymą – apie 85-99% po 24 valandų 

trukmės analizės. 
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3D NiMn/Ti elektrokatalizatorių bendras jūros vandens skaidymo 

efektyvumas.  

Išsamūs tyrimai parodė, kad susintetinti binariai 3D NiMn/Ti 

elektrokatalizatoriai pasižymi puikiomis bifunkcinėmis savybėmis, 

tinkamomis bendram vandens skaidymui (OWS). NiMn/Ti-5 

elektrokatalizatorius (suformuotas esant Ni2+:Mn2+ moliniam santykiui 1:5 

dengimo elektrolite) pasižymėjo išskirtiniu HER aktyvumu, o NiMn/Ti-1 

(suformuotas esant moliniam santykiui 1:1) – pakankamu OER efektyvumu ir 

ilgalaikiu stabilumu tiek ASW, tiek SSW terpėse. Kadangi vienas iš 

pagrindinių šio darbo tikslų buvo sukurti efektyvius elektrokatalizatorius 

atsinaujinančiai vandenilio gamybai iš jūros vandens – gausiausio pasaulio 

vandens šaltinio – optimizuoti NiMn/Ti-5 (HER) ir NiMn/Ti-1 (OER) 

elektrodai buvo sujungti į dviejų elektrodų elektrolizerį, skirtą bendram 

šarminio jūros vandens skaidymui.  

Elektrolizeris, kuriame buvo naudojami abu optimizuoti elektrodai  

[NiMn/Ti-5(–)||NiMn/Ti-1(+)] ir ASW kaip elektrolitas, pasiekė 10 mA cm−2 

srovės tankį esant vos 1,619 V celės įtampai. Palyginimui, analogiškas 

elektrolizeris su Pt katodu (geometrinis plotas ~2 cm2) ir NiMn/Ti-1 anodu 

[Pt(–)||NiMn/Ti-1(+)] reikalavo 0,075 V didesnės celės įtampos (1,694 V). 

Užfiksuota mažesnė įtampa šiame 3D binariame bifunkciniame elektrolizės 

įrenginyje rodo jo konkurencingumą, palyginti su neseniai aprašytomis 

medžiagomis, kuriose nenaudojami taurieji metalai ir kurios taikomos viso 

jūros vandens skaidymo (OWS) procesuose tiek sintetiname (SSW), tiek 

šarminiame (ASW) jūros vandenyje. Be to, 10 valandų nepertraukiamo 

stabilumo bandymo metu nustatyta, kad [NiMn/Ti-5(–)||NiMn/Ti-1(+)] 

elektrolizerio potencialas išliko stabilus – per visą analizės laikotarpį 

nepastebėta reikšmingo įtampos pokyčio. 

3D NiMnCo/Ti elektrokatalizatorių mikrostruktūra ir paviršiaus 

morfologija.  

Trinariai trimačiai nikelio-mangano-kobalto (NiMnCo) katalizatoriai buvo 

susintetinti taikant dinaminio vandenilio burbulų šablono (DHBT) metodą. 

Siekiant sukurti patobulintą ir efektyvų HER elektrokatalizatorių, tinkamą tiek 

gėlo, tiek jūrinio vandens skaidymui, buvo panaudoti du priedai: amonio 

sulfatas ((NH4)2SO4) ir boro rūgštis (H3BO3). Amonio sulfatas veikė kaip 

elektrodo dangos morfologijos modifikatorius, o boro rūgštis – kaip žinomas 

tirpalo pH stabilizatorius. Susintetintų 3D NiMnCo/Ti elektrokatalizatorių ir 

analogiškų 3D binarinių katalizatorių paviršiaus morfologija pavaizduota 18 

pav. Elektrokatalizatoriai buvo žymimi kaip NiMnCo/Ti-n (kur n = 1, 2), 
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atsižvelgiant į Co2+ jonų molinę koncentraciją nusodinimo vonelėse. 

Paprastumo dėlei katalizatoriai buvo žymimi sveikaisiais skaičiais: 

NiMnCo/Ti-1 buvo gauti iš tirpalo, kuriame Co2+ koncentracija siekė 0,1 M, 

o NiMnCo/Ti-2 – iš tirpalo su 0,2 M Co2+ koncentracija. 

3D NiMnCo/Ti elektrokatalizatorių elektrocheminis aktyvumas 

HER.  

Susintetintų 3D NiMnCo/Ti elektrokatalizatorių elektrocheminis aktyvumas 

HER buvo vertintas užrašant LSV 1,0 M KOH, SSW (1,0 M KOH + 0,5 M 

NaCl) ir ASW (1,0 M KOH + natūralus jūros vanduo) terpėse, esant 25 °C 

temperatūrai ir 10 mV s−1 elektrodo potencialo skleidimo greičiui nuo atviros 

grandinės potencialo (OCP) iki -0,43 V (vs. RHE). Siekiant įvertinti rezultatų 

atkuriamumą, kiekvienam katalizatoriui buvo susintetinta po kelis elektrodus. 

Pirmiausia buvo užrašytos 3D trinarių NiMnCo/Ti-1 ir NiMnCo/Ti-2 bei 

dviejų binarių (NiMn/Ti ir NiCo/Ti) elektrokatalizatorių poliarizacijos kreivės 

šarminėje terpėje (1,0 M KOH), siekiant įvertinti jų aktyvumą HER. 

Rezultatai parodė, kad 3D NiMnCo/Ti-2 elektrokatalizatorius pasižymėjo 

geriausiu HER aktyvumu – siekiant pasiekti etaloninį 10 mA cm−2 srovės 

tankį, reikėjo vos 66 mV viršįtampio. Šis rezultatas reikšmingai pranoko kitus 

tirtus elektrodus: NiMnCo/Ti-1 (99 mV), NiMn/Ti (245 mV) ir NiCo/Ti 

(283 mV). Gauti rezultatai rodo, kad didesnė Co2+ jonų koncentracija 

nusodinimo vonelėje (0,2 M) turėjo teigiamą poveikį katalizinėms savybėms. 

Be to, trinarė katalizatoriaus sudėtis sukūrė sinergetinį efektą, reikšmingai 

padidinusį HER aktyvumą šarminėje terpėje. 

Nustačius, kad NiMnCo/Ti-2 elektrodas pasižymi puikiu 

elektrokataliziniu aktyvumu šarminėje terpėje (1 M KOH), tolesni LSV 

tyrimai buvo atlikti SSW ir ASW terpėse, siekiant įvertinti vandenilio 

gamybos efektyvumą sąlygomis, kurioms būdinga didelė chloro ir teršalų 

koncentracija. Šios sąlygos imituoja praktinį jūros vandens skaidymo procesą. 

Visi susintetinti elektrodai buvo tiriami tomis pačiomis nepalankiomis 

sąlygomis. Trinaris 3D NiMnCo/Ti-2 elektrokatalizatorius parodė didžiausią 

HER aktyvumą tiek SSW, tiek ASW terpėse, palyginti su kitais tirtais 

katalizatoriais, patvirtindamas savo pranašumą ne tik laboratorinėmis, bet ir 

arčiau realių eksploatacinių sąlygų esančiomis sąlygomis. Susintetintas 3D 

NiMnCo/Ti-2 elektrokatalizatorius pasižymėjo itin žemais viršįtampiais – 

siekiant 10, 20 ir 50 mA cm−2 srovės tankių ASW terpėje, reikėjo atitinkamai 

59, 111 ir 210 mV. Dar mažesni viršįtampiai buvo užfiksuoti SSW terpėje – 

29 mV (η10), 84 mV (η20) ir 195 mV (η50). Be to, trinario 3D NiMnCo/Ti-1 

elektrokatalizatoriaus aktyvumas taip pat buvo reikšmingas visose trijose 

tirtose elektrolitinėse terpėse. Etaloninis 10 mA cm−2 srovės tankis buvo 
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pasiektas esant 99 mV viršįtampiui 1,0 M KOH, 99 mV – ASW ir 89 mV – 

SSW terpėse. Optimizuoto 3D NiMnCo/Ti-2 elektrokatalizatoriaus 

elektrochemiškai aktyvus paviršiaus plotas (ECSA) siekė 297 cm2, tai yra 

gerokai daugiau nei elektrodo geometrinis plotas. Šis padidėjęs ECSA rodo 

didelį aktyviųjų vietų kiekį, kuris reikšmingai prisideda prie pagerėjusio HER 

elektrocheminio aktyvumo. 

Optimizuoto NiMnCo/Ti-2 elektrokatalizatoriaus stabilumas buvo 

įvertintas visose trijose elektrolito terpėse, taikant ilgalaikę CP analizę esant 

pastoviam 10 mA cm−2 srovės tankiui ir CA analizę esant pastoviam -0,23 V 

(vs. RHE) potencialui 50 valandų, 25 °C temperatūroje. Be to, siekiant įrodyti 

susintetinto elektrokatalizatoriaus mechaninį tvirtumą ir ilgalaikį veikimo 

stabilumą, 1,0 M KOH ir SSW terpėse buvo atlikta daugiaetapė CP analizė, 

trunkanti 18 valandų. 

Susintetintas 3D NiMnCo/Ti-2 elektrokatalizatorius parodė išskirtinį 

elektrokatalizinį stabilumą, kuris buvo įvertintas taikant CA analizę visose 

trijose tirtose elektrolito terpėse – apskaičiuotas srovės išlaikymas siekė apie 

90-95%. CP analizės, atliktos su optimizuotu NiMnCo/Ti-2 

elektrokatalizatoriumi, parodė nereikšmingas potencialo svyravimo 

amplitudes po 50 valandų trukmės tyrimo, patvirtindamos ilgalaikį elektrodo 

stabilumą. Be to, daugiaetapės CP analizės, taikant kintančius srovės tankius 

nuo 20 mA cm−2 iki 100 mA cm−2 1,0 M KOH ir SSW terpėse, dar kartą 

patvirtino pagerintą susintetinto elektrokatalizatoriaus patvarumą ir 

ilgaamžiškumą. 

IŠVADOS 

• Netauriųjų pereinamųjų metalų pagrindu sukurti 3D NiMo/Ti 

elektrokatalizatoriai buvo sėkmingai susintetinti elektrocheminio nusodinimo 

metodu, taikant dinaminio vandenilio burbulo šablono (DHBT) techniką. Jų 

elektrokatalitinis aktyvumas HER ir OER reakcijoms buvo tirtas šarminėje 

terpėje (1,0 M NaOH). Susintetinti 3D NiMo/Ti elektrokatalizatoriai šioje 

terpėje parodė vidutinį HER ir OER aktyvumą. 

• Susintetinti 3D NiMn/Ti elektrokatalizatoriai pasižymėjo pagerintu HER 

aktyvumu šarminėje terpėje, imituotame jūros vandenyje (SSW) ir 

šarminiame jūros vandenyje (ASW), o optimizuotas NiMn/Ti-5 

elektrokatalizatorius parodė išskirtinius rezultatus. Esant etaloniniam 

10 mA cm−2 srovės tankiui, itin efektyvaus NiMn/Ti-5 HER 

elektrokatalizatoriaus viršįtampis siekė tik 127 mV (1,0 M KOH), 79 mV 

(ASW) ir 64 mV (SSW). Tuo tarpu geriausiai veikiančiam 3D NiMn/Ti-1 

OER elektrokatalizatoriui reikėjo palyginti nedidelių viršįtampių – 356 mV 

63



 

(1,0 M KOH), 388 mV (ASW) ir 386 mV (SSW). Optimizuoti NiMn/Ti-5 

HER ir NiMn/Ti-1 OER elektrokatalizatoriai buvo išbandyti ilgalaikio 

stabilumo testuose atitinkamai 10 ir 24 valandas, per kurias reikšmingas 

potencialų sumažėjimas nebuvo pastebėtas. 

• Optimizuotas NiMn/Ti-5 elektrokatalizatorius parodė pagerintą HER 

aktyvumą visose trijose tirtose elektrolitų terpėse dėl unikalios porėtos 

paviršiaus morfologijos, kurioje gausu skirtingo dydžio porų. Šios tarpusavyje 

sujungtos poros padidina aktyviųjų vietų kiekį, sudaro daugiau kanalų 

elektrolito difuzijai ir paspartina elektronų pernašos efektyvumą. 

• Geriausiai veikiančių 3D NiMn/Ti-5 ir NiMn/Ti-1 elektrokatalizatorių pora 

buvo panaudota kaip katodas ir anodas dviejų elektrodų šarminio jūros 

vandens (ASW) elektrolizeryje, siekiant įvertinti bendrą vandens skaidymo 

(OWS) našumą. Ši sistema [NiMn/Ti-5(–)||NiMn/Ti-1(+)] pasižymėjo puikiu 

OWS aktyvumu, pasiekdama 10 mA cm−2 srovės tankį esant 1,619 V 

elemento įtampai, pranokdama tauriųjų metalų pagrindu veikiančią sistemą 

[Pt(–)||NiMn/Ti-1(+)] (1,694 V). 

• Galiausiai elektrocheminio nusodinimo metodu, taikant DHBT techniką, buvo 

pagaminti tauriųjų 3D ternariniai NiMnCo/Ti elektrokatalizatoriai. 

Optimizuotas NiMnCo/Ti-2 elektrokatalizatorius, turintis žiedinio kopūsto 

mikroapvalią paviršiaus morfologiją, parodė išskirtinį ir itin efektyvų HER 

aktyvumą visose trijose tirtose elektrolitų terpėse. Itin maži viršįtampiai, 

reikalingi pasiekti etaloninį 10 mA cm−2 srovės tankį, buvo 66 mV (1,0 M 

KOH), 59 mV (ASW) ir 29 mV (SSW). Optimizuotas 3D NiMnCo/Ti-2 

elektrokatalizatorius pasižymėjo išskirtiniu stabilumu visose terpėse, srovės 

išlaikymas siekė apie 90-95%, o potencialo svyravimai po 50 valandų 

bandymų buvo nereikšmingi. Be to, NiMnCo/Ti-2 elektrokatalizatorius buvo 

tirtas daugiasluoksniu chronopotenciometriniu metodu keičiant srovės tankius 

nuo 20 iki 100 mA cm−2 1,0 M KOH ir SSW terpėse, išlaikant išskirtinį 

stabilumą viso eksperimento metu. 

• Optimizuoto 3D NiMnCo/Ti-2 elektrokatalizatoriaus elektrochemiškai 

aktyvus paviršiaus plotas (ECSA) siekė 297 cm2, tai yra maždaug 150 kartų 

didesnis už katalizatoriaus geometrinį paviršiaus plotą. Toks didelis ECSA 

rodiklis rodo didelį aktyviųjų vietų skaičių, kuris žymiai pagerina 

elektrokatalizinį aktyvumą HER. Todėl pagerėjęs ir išskirtinis 

elektrokatalizinis HER aktyvumas bei ilgaamžis stabilumas šarminio gėlo ir 

jūros vandens terpėse patvirtina susintetinto elektrokatalizatoriaus patvarumą, 

struktūrinį vientisumą ir tinkamumą praktiniam didelio masto vandenilio 

gamybai iš realaus jūros vandens. 
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Three-Dimensional Au(NiMo)/Ti Catalysts for Efficient
Hydrogen Evolution Reaction
Sukomol Barua , Aldona Balčiūnaitė *, Jūrate Vaičiūnienė, Loreta Tamašauskaitė-Tamašiūnaitė
and Eugenijus Norkus *

Department of Catalysis, Center for Physical Sciences and Technology (FTMC), LT-10257 Vilnius, Lithuania
* Correspondence: aldona.balciunaite@ftmc.lt (A.B.); eugenijus.norkus@ftmc.lt (E.N.)

Abstract: In this study, NiMo catalysts that have different metal loadings in the range of ca. 28–106 µg cm−2

were electrodeposited on the Ti substrate followed by their decoration with a very low amount of Au-
crystallites in the range of ca. 1–5 µg cm−2 using the galvanic displacement method. The catalytic
performance for hydrogen evolution reaction (HER) was evaluated on the NiMo/Ti and Au(NiMo)/Ti
catalysts in an alkaline medium. It was found that among the investigated NiMo/Ti and Au(NiMo)/Ti
catalysts, the Au(NiMo)/Ti-3 catalyst with the Au loading of 5.2 µg cm−2 gives the lowest overpotential of
252 mV for the HER to reach a current density of 10 mA·cm−2. The current densities for HER increase ca.
1.1–2.7 and ca. 1.1–2.2 times on the NiMo/Ti and Au(NiMo)/Ti catalysts, respectively, at −0.424 V, with an
increase in temperature from 25 ◦C to 75 ◦C.

Keywords: gold; nickel; molybdenum; electrodeposition; galvanic displacement; hydrogen
evolution reaction

1. Introduction

Although fossil fuels, such as coal, oil, and natural gas, are the main energy sources and
are widely used to meet energy needs, the increasing emissions of pollutants, carbon dioxide
(CO2), and other greenhouse gases require the development of sustainable technologies to
meet ever-increasing energy needs. Among various candidates to fulfill energy demands,
hydrogen (H2) can be a potential substitute fuel for effective energy production and storage.
H2 is a clean, economical renewable energy source and an excellent energy storage medium
with excellent energy conversion efficiency, higher gravimetric energy density than gasoline
(120 vs. 44 MJ kg−1), eco-friendliness, and zero carbon dioxide emission [1–4]. H2, an
important chemical feedstock widely used in petroleum refining and ammonia synthesis,
is industrially produced via coal gasification and steam reforming reaction under harsh
conditions, resulting in the emission of greenhouse gases and micro-pollutants [5,6]. Among
the various available methods, electrocatalytic water splitting is one of the most promising
alternatives for H2 production that gained intense research interest in the last decades, as
electricity-driven water splitting generates green H2.

It is well-known that H2 production by electrocatalytic water splitting in alkaline
media is limited by the sluggish hydrogen evolution reaction (HER) kinetics and enormous
electricity consumption. The HER mechanism of electrocatalytic water splitting includes
three main steps, i.e., Volmer, Heyrovsky, and Tafel reactions, as shown below, in alkaline
media [7]:

Volmer reaction: H2O + e− → H* + OH− (1)

Heyrovsky reaction: H* + H2O+ e−→ H2 + OH− (2)

Tafel reaction: H* + H* → H2 (3)

Overall reaction: 2H2O + 2e− → H2 + 2OH− (4)

Materials 2022, 15, 7901. https://doi.org/10.3390/ma15227901 https://www.mdpi.com/journal/materials
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The sluggish HER kinetics in alkaline media is mainly due to the fact that in the
Volmer reaction, the proton source comes from the water molecule instead of H3O+ in
the acid electrolyte, which involves additional energy to break the H–O–H bond [7]. To
date, platinum (Pt) is the most effective and benchmark electrocatalyst for HER to achieve
the lowest overpotential in both acidic and alkaline mediums, but unfortunately, because
of the high production costs and the scarcity of resources, the use of Pt or other noble
metals for electrodes for the water splitting process is not economically feasible [8,9]. In this
context, it is the pursuit of most researchers to find an efficient, cost-effective and stable non-
noble metal electrocatalyst for alkaline media to accelerate the Volmer step. Recent studies
demonstrated that a number of non-noble transition metal-based materials, including
nickel, molybdenum [10–16], cobalt [17–19], iron [20,21], tungsten [22,23], and transition
metal compounds (TMCs), such as carbides [23–25], phosphide [26–28], nitrides [29], and
sulfides [30], were investigated as electrocatalysts for HER to achieve excellent chemical
stability due to their low cost and sufficient corrosion resistance under alkaline media.
Additionally, low-cost transition metals, especially nickel-based electrocatalysts, received
noticeable attention as supercapacitor electrodes and bifunctional electrocatalysts due to
their abundant reserves, intrinsic high catalytic activity, excellent corrosion resistance, and
high electrical conductivity [31]. A number of methods, such as spontaneous galvanic
displacement [32], electrochemical deposition [13,33,34], hydrothermal synthesis, etc., were
developed to explore and enhance the HER activity of Ni-based bi- and tri-metallic alloy
catalysts Ni-M (M = Fe, Co, Mn, Mo, Cr, etc.) and Ni-M bimetallic oxides (BOs).

According to Engel–Brewer valence bond theory, whenever metals of the left half
of the transition series (such as Ni and Co) are alloyed with metals of the right half of
the transition series metals (Mo or, W), a synergistic effect can be anticipated in terms
of hydrogen evolution activity [35]. The synergistic effect between Mo and Ni in the
effect of hydrogen binding energy (HBE) is noteworthy, as the HBE between Ni and
H is slightly weaker, whereas it is stronger enough between Mo and H. Therefore, the
HBE can be controlled to a relatively moderate value by chemically coupling Ni and Mo,
which can contribute to balancing the thermodynamics between hydrogen adsorption and
desorption [36]. Moreover, enhanced HER activity demonstrated by a self-supported Ni–
Mo–P ternary alloy coating on a three-dimensional (3D) Ni foam substrate (Ni–Mo–P/NF)
were reported at a current density of −10 mA·cm−2 at a small overpotential of −63 mV in
1 M KOH electrolyte [13]. Heterostructured Ni–Mo–N composite nanoparticles, decorated
on nitrogen-doped reduced graphene oxide (Ni–Mo–N/NG), also reported an excellent
HER electrocatalytic activity with zero onset potential and 46.6 and 159.8 mV overpotentials
for 10 and 100 mA·cm−2, respectively, in 1 M potassium hydroxide (KOH) solution [14].

This study presents a simple and low-cost procedure to fabricate efficient catalysts for
HER. Three-dimensional (3D) binary Ni-Mo catalysts with different total metal loadings
supported on a titanium (Ti) surface (denoted as NiMo/Ti) were prepared via the elec-
trodeposition method, whereas for the decoration of the prepared NiMo/Ti catalysts with
a small amount of Au crystallites, the galvanic displacement method was used.

2. Materials and Methods
2.1. Chemicals

Titanium foil (99.7% purity) and HAuCl4 (99.995%) were purchased from Sigma-
Aldrich (Saint Louis, MO, USA) Supply. H2SO4 (96%), HCl (35–38%), nickel sulfate hex-
ahydrate (NiSO4·6H2O, >98%), sodium molybdate dihydrate (Na2MoO4·2H2O, >99.5%),
and NaOH (98.8%) were purchased from Chempur Company (Karlsruhe, Germany). Ultra-
pure water with a resistivity of 18.2 MΩ·cm−1 was used for preparing the solutions. All
chemicals were of analytical grade and used directly without further purification.

2.2. Fabrication of Catalysts

The catalysts were prepared by a facile, two-step process that involves electrodeposi-
tion of Ni2+ and Mo6+ ion on the surface of the Ti electrode, followed by a spontaneous
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Au displacement from the Au (III)-containing solution. Before the deposition of the NiMo
catalysts, the Ti plates were pretreated in diluted H2SO4 (1:1 vol) at 70 ◦C for 3 s. NiMo
catalysts were electroplated on the Ti surface (1 × 1 cm) from a bath containing 0.03 M
Na2MoO4 along with 0.1, 0.2, and 1.0 M NiSO4 in an acidic condition (1.5 M H2SO4 and
1 M HCl). The chronopotentiometry was used for the NiMo coatings deposition on the Ti
surface. The plating of coatings was carried out at the current of 0.1 mA and 1 mA for 3 min
at each current. The Au crystallites were deposited on the prepared NiMo/Ti electrodes
by their immersion into 1 mM HAuCl4 + 0.1 M HCl solution for 10 s. After plating, the
samples were taken out, thoroughly rinsed with deionized water, and air-dried at room
temperature.

2.3. Characterization of Catalysts

The morphology and composition of the prepared catalysts were investigated by
scanning electron microscopy (SEM) TM 4000 Plus (HITACHI, Tokyo, Japan).

XRD patterns of pure Ti sheet, Ni-Mo/Ti, and Au-Ni-Mo/Ti catalysts were measured
using an X-ray diffractometer D2 PHASER (Bruker, Karlsruhe, Germany). The measure-
ments were conducted in the 2θ range of 10–90◦.

The metal loadings were determined by inductively coupled plasma optical emission
spectrometry (ICP–OES) analysis. The ICP–OES spectra were recorded using an Optima
7000DV spectrometer (Perkin Elmer, Waltham, MA, USA) at wavelengths of λNi 231.604 nm,
λMo 202.031 nm, and λAu 267.595 nm.

2.4. Electrochemical Measurements

A conventional three-electrode electrochemical cell was used for electrochemical
measurements. The fabricated NiMo/Ti and Au(NiMo)/Ti catalysts were employed as
working electrodes, a Pt sheet was used as a counter electrode, and a calomel electrode was
used as a reference. All potentials in this work were converted to the reversible hydrogen
electrode (RHE) scale using the following Equation (5):

ERHE = ESCE + 0.242 V + 0.059 V × pHsolution. (5)

Current densities were calculated using the electrodes’ geometric area of 2 cm2. Linear
sweep voltammograms were recorded in a 1 M NaOH solution and always deaerated by
argon (Ar) for 20 min prior to measurements. HER polarization curves were recorded
from the open circuit potential (OCP) to −0.42 V (vs. RHE) at a polarization rate of
10 mV·s−1. Polarization curves were recorded at several temperatures from 25 to 75 ◦C, and
temperatures were set with a water jacket connected to a LAUDA Alpha RA 8 thermostat.
Stability was studied by recording chronoamperometry (CA) curves for HER at a potential
of −0.22 V (vs. RHE) for half an hour. All electrochemical measurements were performed
with a Metrohm Autolab potentiostat (PGSTAT302, Utrecht, The Netherlands) using the
Electrochemical Software (Nova 2.1.4).

3. Results

In this study, we investigated the electrocatalytic activity of prepared 3D binary
NiMo/Ti and ternary Au(NiMo)/Ti catalysts for HER. These catalysts were deposited
on the Ti surface (1 × 1 cm) using an electrochemical bath. The optimal conditions for
different 3D binary catalyst depositions were determined and are given in Table 1. The
electrochemical deposition was carried out by applying the constant current of 0.1 mA
and 1 mA for 3 min at each current. The Au crystallites were deposited on the prepared
NiMo/Ti electrodes by their immersion into 1 mM HAuCl4 + 0.1 M HCl solution for 10 s at
room temperature.
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Table 1. Composition of the electrochemical bath.

Catalysts
Concentration in Mol dm−3

Ni2+ Mo6+

NiMo/Ti-1 0.1 0.03

NiMo/Ti-2 0.2 0.03

NiMo/Ti-3 1.0 0.03

The morphology and composition of the prepared catalysts were studied by SEM.
Figure 1 shows SEM images of the prepared different compositions 3D NiMo/Ti and
Au(NiMo)/Ti catalysts. The low magnification SEM image of the 3D NiMo/Ti-3 catalyst
(Figure 1c) proves the formation of many cedar leaf-like Ni-Mo alloy structures in a large
area, in which leaf-like Ni-Mo alloy is uniformly dispersed on the Ti foil. These cedar
leaf-like structures still retain much space among the leaves, forming a porous morphology
that can be expected to facilitate electrolyte penetration. Many nanoparticles can be seen in
Figure 1c, and they irregularly stack together, forming a cedar leaf-like structure. When
Au crystallites were deposited on the prepared NiMo/Ti-3 electrode by being immersed
into 1 mM HAuCl4 + 0.1 M HCl solution for 10 s, the porous leaf-like alloy structure was
immediately covered with a tiny globular surface (Figure 1f). The mass of the elements
(metal loadings) on the Ti substrate surface was determined by ICP–OES analysis (Table 2).

Table 2. The metal loading in the catalysts was determined by ICP-OES analysis and metal mass
weight ratio.

Catalyst Ni Loadings
(µgNicm−2)

Mo Loadings
(µgMocm−2)

Auloadings
(µgAucm−2)

Total Metal Loading
(µgmetalcm−2)

Mass Weight Ratio
Mo:Ni Au:NiMo

NiMo/Ti-1 23.4 4.9 28.3 1:4.78
NiMo/Ti-2 29.6 5.3 34.9 1:5.58
NiMo/Ti-3 99.5 6.7 106.2 1:14.85

Au(NiMo)/Ti-1 18.3 4.4 1.2 23.9 1:4.16 1:18.92
Au(NiMo)/Ti-2 25.4 4.6 1.7 31.7 1:5.52 1:17.65
Au(NiMo)/Ti-3 81.4 6.0 5.2 92.6 1:13.57 1:16.81

It can be seen that the formed 3D binary NiMo/Ti catalysts contained ca. 82.8–93.7 wt.%
of Ni, whereas those 3D ternaries Au(NiMo)/Ti catalysts possessed 76.6–87.9 wt.% of Ni.
The total metal loadings (µgmetalcm−2) in the prepared catalysts are quite different and vary
from 23.9 up to 106.2 µgmetalcm−2. It should be noted that Ni and Mo amounts increase in
the NiMo coatings by increasing the Ni2+ concentration in the plating solution, whereas
the Mo amount was kept the same. Calculated Mo:Ni and Au:NiMo mass weight ratios are
given in Table 2.

As seen from the data in Table 2, mass weight ratios Mo:Ni for NiMo/Ti increase due
to the rise of Ni2+ concentration in the plating solution. A similar phenomenon is observed
in the case of Au crystallite-modified NiMo/Ti catalysts. Mass ratios Mo:Ni also increase
with the increase in the Ni2+ concentration in the plating solution (Table 2). Moreover,
Au loadings in the AuNiMo/Ti-1, AuNiMo/Ti-2, and AuNiMo/Ti-3 catalysts increased
while the deposition times of Au crystallites were the same—10 s. The mass ratio Au:NiMo
slightly decreases. The increased Ni amount in the catalysts allows for achieving a higher
Au loading in the ones.

Figure 2 shows XRD patterns for a pure Ti sheet (lower curve) and NiMo/Ti-3 and
Au(NiMo)/Ti-3 catalysts (upper curves). Symbols indicate the positions of the XRD peaks
of Ti (ICDD card no 00-044-1294).
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Figure 1. SEM views of NiMo/Ti (a–c) and Au(NiMo)/Ti (d–f) catalysts mentioned in Table 2. (c) The
inset represents a photo of a cedar leaf.

The lowest XRD pattern (a) in Figure 2 contains sharp XRD peaks of the Ti sheet
corresponding to the hexagonal structure of Ti. In the case of NiMo/Ti-3 and Au(NiMo)/Ti-
3 catalysts, XRD peaks corresponding to Mo (110) and Mo (200) are shifted towards higher
diffraction angles with respect to the positions of Mo presented in ICDD card no 00-044-1120.
Additionally, the body-centered cubic lattice parameter decreases from 3.147 to 3.093 Å.
This is the result of the formation of a solid solution of Ni (ICDD # 00-004-0850) with a small
amount of Mo and Mo-Ni solid solution. There are no visible changes in the XRD patterns
for NiMo/Ti-3 and Au(Ni-Mo)/Ti-3 (Figure 2, b,c curves) as the Au (ICDD # 00-004-0784)
peaks can be amorphous or crystalline with low intensity.

The electrocatalytic properties of the prepared catalysts were investigated by recording
LSVs in 1.0 M NaOH solution at a potential scan rate of 10 mV·s–1 in a potential range from
open-circuit potential (OCP) up to −0.42 V (vs. RHE) for HER, at several temperatures
from 25 up to 75 ◦C (Figure 3). Ternary Au(NiMo)/Ti-3 coating exhibited the highest
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current density (j), followed by Au(NiMo)/Ti-2 and Au(NiMo)/Ti-1, and the fabricated
binary (NiMo/Ti) catalysts exhibited notably lower current density, in mutual comparison
for HER (Figure 3). For those binary NiMo/Ti catalysts, the current density increases ca.
1.2–2.7 times with an increase in temperature from 25 up to 75 ◦C, whereas fabricated 3D
ternary Au(NiMo)/Ti catalysts exhibit ca. 1.1–2.2 times higher current density for HER.
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Figure 2. XRD patterns of Ti sheet (a), Ni-Mo/Ti-3 (b), and Au(Ni-Mo)/Ti-3 (c) catalysts.

The electrocatalytic properties of the prepared catalysts were investigated by recording
LSVs in 1.0 M NaOH solution at a potential scan rate of 10 mV·s–1 in a potential range from
open-circuit potential (OCP) up to −0.42 V (vs. RHE) for HER, at several temperatures
from 25 up to 75 ◦C (Figure 3). Ternary Au(NiMo)/Ti-3 coating exhibited the highest
current density (j), followed by Au(NiMo)/Ti-2 and Au(NiMo)/Ti-1, and the fabricated
binary (NiMo/Ti) catalysts exhibited notably lower current density, in mutual comparison
for HER (Figure 3). For those binary NiMo/Ti catalysts, the current density increases ca.
1.2–2.7 times with an increase in temperature from 25 up to 75 ◦C, whereas fabricated 3D
ternary Au(NiMo)/Ti catalysts exhibit ca. 1.1–2.2 times higher current density for HER.

For instance, the current densities of −49.84, −40.73, and −36.58 mA·cm−2 were
reached at −0.424 V (vs. RHE) using Au-decorated ternary Au(NiMo)/Ti-3, Au(NiMo)/Ti-
2, and Au(NiMo)/Ti-1 catalysts, and relatively lower −34.81, −26.5, and −21.75 mA·cm−2

current densities were recorded at the same potential via using 3D binary NiMo/Ti-3,
NiMo/Ti-2, and NiMo/Ti-1 catalysts at 25 ◦C, respectively (Figure 4a,b, Table 3). Overpo-
tentials (vs. RHE) to reach the current density of 10 mA·cm−2 (η10) were found in a gradual
increasing order for both Au(NiMo)/Ti and NiMo/Ti catalysts as follows:

Au(NiMo)/Ti-3 (−252 mV) < Au(NiMo)/Ti-2 (−298 mV) < Au(NiMo)/Ti-1 (−308 mV)
NiMo/Ti-3 (−288 mV) < NiMo/Ti-2 (−344 mV) < NiMo/Ti-1 (−349 mV).
It was determined that mass weight ratios Mo:Ni for NiMo/Ti catalysts increase

due to the increased Ni2+ concentration in the plating solution (Table 2). A higher mass–
weight ratio Mo:Ni induces a more pronounced activity of the NiMo/Ti-3 catalyst for HER.
Additionally, the increased amount of Ni in the NiMo/Ti catalysts allows for achieving
higher Au loading in the Au(NiMo)/Ti catalysts. This is the main factor that influences
the lowering overpotential at Au(NiMo)/Ti catalysts compared with NiMo/Ti catalysts.
The higher activity of Au crystallite-modified NiMo/Ti catalysts may be related with the
synergetic effect of Au, Ni, and Mo [35].

HER polarization curves were then further used for constructing the Tafel plots and
calculating the Tafel slope. Tafel slope values of 99.6, 100.5, and 130.4 mV·dec−1 were found
for HER at NiMo/Ti-1, NiMo/Ti-2, and NiMo/Ti-3 catalysts, respectively. For those 3D
ternary Au(NiMo)/Ti catalysts, Tafel slope values of 143.8, 98.7, and 131.2 mV·dec−1 were
determined at Au(NiMo)/Ti-1, Au(NiMo)/Ti-2, and Au(NiMo)/Ti-3 catalysts, respectively
(Figure 4a’,b’, Table 3). The determination of the Tafel slope explores the HER kinetics
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by measuring the increase in current density with the increase in overpotential, whereas
the exchange current density (j0) reflects the electrode’s intrinsic activity for HER. The
exchange current density (j0) was calculated for HER at all six catalysts by extrapolating
the Tafel plots, η vs. log j. Thus, the j0 value of 0.144, 0.011, 0.076, 0.075, 0.006, and
0.005 mA·cm−2 were calculated for Au(NiMo)/Ti-3, Au(NiMo)/Ti-2, Au(NiMo)/Ti-1,
NiMo/Ti-3, NiMo/Ti-2, and NiMo/Ti-1 catalysts, respectively (Table 3). It is worth noting
that the j0 value determined for HER at the Au(NiMo)/Ti-3 coating was ca. 2–28 times
higher than that determined for the rest of the studied catalysts.
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Figure 3. HER polarization curves of 3D NiMo/Ti (a–c) and Au(NiMo)/Ti (d–f) catalysts in 1 M
NaOH solution at a 10 mV·s−1 potential scan rate and a temperature range (25–75 ◦C).

Table 3. Electrochemical performance of the tested catalysts toward HER in alkaline media.

Catalysts
j (mA·cm−2) in Different Temperatures (◦C) at −0.424 V Tafel Slope

(mV·dec−1)
η10 *
(mV)

j0
(mA·cm−2)25 35 45 55 65 75

NiMo/Ti-1 −21.75 −27.25 −32.14 −35.99 −37.83 −38.91 99.6 −349 0.005

NiMo/Ti-2 −26.5 −31.94 −39.72 −49.53 −55.44 −61.05 100.5 −344 0.006

NiMo/Ti-3 −34.81 −51.09 −61.63 −72.42 −83.62 −95.19 130.4 −288 0.075

Au(NiMo)/Ti-1 −36.58 −39.32 −47.04 −54.93 −61.86 −68.68 143.8 −308 0.076

Au(NiMo)/Ti-2 −40.73 −46.19 −58.55 −68.86 −79.8 −89.45 98.7 −298 0.011

Au(NiMo)/Ti-3 −49.84 −56.38 −68 −78.81 −91.6 −102.86 131.2 −252 0.144

* Overpotential at 10 mA cm−2.
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Figure 4. HER polarization curves of 3D NiMo/Ti (a) and Au(NiMo)/Ti (b) catalysts in 1 M NaOH
solution at a potential scan rate of 10 mV·s−1 and 25 ◦C temperature and corresponding Tafel
plots (a’,b’).

Another crucial criterion for an advanced electrode material is its electrochemical stabil-
ity. Chronoamperometric measurements with all six catalysts were carried out in 1 M NaOH
at −0.22 V for 2 h. Initially, in the first 50–200 s, a decrease in current density was observed
for all investigated catalysts. However, after approximately 500 s, the current densities
settled down and remained apparently parallel throughout the experiments. CA results
confirm the result of LSV analysis in terms of the ternary Au(NiMo)/Ti-3 catalyst, giving
the highest current density during HER (−10.36 mA·cm−2 at 50 s) (Figure 5). A more than
2.5 times lower current density was obtained with Au(NiMo)/Ti-2 (−3.81 mA·cm−2) and
ca. 5 times lower with Au(NiMo)/Ti-1 catalysts (−2.02 mA·cm−2). In the case of the binary
NiMo/Ti-3 catalyst, a comparatively lower current density was recorded (−6.13 mA·cm−2

at 50 s) along with a 3–5 times lower value for NiMo/Ti-2 (−2.06 mA·cm−2) and NiMo/Ti-1
(−1.23 mA·cm−2) catalysts.
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A comparison of HER parameters generated using herein-tested NiMo/Ti and
Au(NiMo)/Ti catalysts in an alkaline medium with some electrodes reported in the litera-
ture is given in Table 4.

Table 4. The electrochemical performance of herein tested catalysts towards HER in alkaline media
and compared with that of transition metal-based electrodes reported in the literature.

Catalyst Overpotential
η10 ** (mV)

Tafel Slope
(mV·dec−1)

Temperature
(◦C) Electrolyte Ref.

Au(NiMo)/Ti-3 −252 131.2 25 1 M NaOH This work

NiMo/Ti-3 −288 130.4 25 1 M NaOH This work

Au(NiMo)/Ti-2 −298 98.7 25 1 M NaOH This work

NiMo/Ti-2 −344 100.5 25 1 M NaOH This work

Au(NiMo)/Ti-1 −308 143.8 25 1 M NaOH This work

NiMo/Ti-1 −349 99.6 25 1 M NaOH This work

Ni-Mo-O MCFs −222.8 141.6 - 1 M KOH [33]

NiFeCMo-30 −254 163.9 - 30% KOH [34]

NiS2/MoS2 HNW −204 65 - 1 M KOH [37]

Ni–Cr–Mo–Fe,
Ni–Cr–Mo,
Ni–Cr alloy

−232
−249
−255

57.7
61.1
62.3

25 1 M KOH [38]

Ni–Mo/WC 1,
Ni–Mo/WC 2,
Ni–Mo/WC 3

−411
−262
−134

208
153
163

25 1 M KOH [39]

Ni/TM-360 s −205 104 - 1 M KOH [40]

NiCu0.57/Ni3S2/TM,
Ni/Ni3S2/TM

−239
−441

86
195 - 1 M KOH [41]

Ni3Te2-Ni foam
Ni3Te2-Au glass

Ni3Te2-Hydrothermal

−212
−237
−304

126.2
73.1
94.2

- 1 M KOH [42]

NiTe2-nanosheet −256 98 - 1 M KOH [43]
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Table 4. Cont.

Catalyst Overpotential
η10 ** (mV)

Tafel Slope
(mV·dec−1)

Temperature
(◦C) Electrolyte Ref.

NiTeNR/NF −248 185 - 1 M KOH [44]

NiTe2 −520 188.3 - 1 M KOH [45]

MCFs—mesoporous composite films, HNW—hybrid nanowire, WC—tungsten carbide, TM—Ti mesh, and
NR/NF—nanorods/Ni foam. ** Overpotential at 10 mA·cm−2.

4. Conclusions

In summary, NiMo and Au(NiMo) catalysts supported on a titanium surface were
studied as electrocatalysts for HER in an alkaline medium. NiMo/Ti catalysts with different
total metal loadings in the range of ca. 28–106 µg cm−2 were prepared using a simple
and low-cost metal electrodeposition method. The decoration of the prepared NiMo/Ti
catalysts with a small amount of Au-crystallites in the range of ca. 1–5 µg cm−2 was carried
out using the galvanic displacement method.

It was determined that, among the investigated catalysts, the Au(NiMo)/Ti-3 catalyst
with the Au loading of 5.2 µg cm−2 exhibits the highest current density, as well as exchange
current density during HER in a 1 M NaOH solution. Moreover, the Au(NiMo)/Ti-3
catalyst also displays excellent HER performance with an overpotential of 252 mV at a
current density of 10 mA·cm−2.
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In this study, three-dimensional gold-nickel-molybdenum (Au(NiMo)) 
catalysts have been studied as catalysts for the oxygen evolution reaction 
(OER). The  catalysts have been deposited on a  titanium surface using 
electroplating and galvanic displacement techniques. The  modifica-
tion of NiMo with a  low amount of Au crystallites in a  range of 1.2–
5.2 μgAucm–2 results in enhanced activity for OER in the alkaline medium 
compared to respective binary un-modified NiMo catalysts. The current 
densities for OER increase ca.1.2–7.3 and 1.3–5.1 times with an increase 
in temperature from 25 up to 75°C using the prepared 3D binary NiMo/
Ti and Au(NiMo)/Ti catalysts, respectively.

Keywords: gold, nickel, molybdenum, three-dimensional catalysts, oxy-
gen evolution reaction

INTRODUCTION

To address the  ever-increasing energy demands 
and rapid depletion of fossil fuels and, at the same 
time, global warming and environmental emission, 
it is urgently important to exploit more and more 
clean and renewable alternative energy resources, 
e.g. solar, wind, geothermal energy, and bioenergy 
for a  sustainable world. Research has shown that 
among those above-mentioned renewable fuels, 
hydrogen, the  most abundant element on earth, 
can also be considered to be the  most efficient 
main medium for energy storage in the future due 
to its excellent energy conversion efficiency, higher 
gravimetric energy density than gasoline (120 vs 
44 MJ kg–1), eco-friendliness, high-energy density, 
recyclability, as well as zero-emission of greenhouse 
gases [1–5]. 

Electrocatalytic water splitting has gained much 
research interest as one of the  most promising 
meth ods for hydrogen production, as high pure 
hydrogen can be produced by electrochemical wa-

ter splitting as an environment-friendly method [6, 
7]. The electrochemical water splitting incorporates 
two half-reactions, namely the  hydrogen evolu-
tion reaction (HER) and oxygen evolution reac-
tion (OER) on the cathode and anode, respectively. 
Compared to HER, OER is the  main bottleneck 
for electrocatalytic water splitting due to its dual 
influence of sluggish reaction kinetics with multi-
ple proton-couple electron transfer reactions and 
thermodynamics. As water electrolysis is thermo-
dynamically hindered at standard temperature and 
pressure and more potential is required in addition 
to the standard thermodynamic potential (1.23 V), 
it is necessary to fabricate efficient catalysts for 
OER to overcome the resistance and barriers of hy-
drogen production by OER overpotentials. In this 
scenario, material selection and design are the key 
factors for exploring high-active electrocatalysts 
substantiating their cost, stability, efficiency and 
earth-abundance [8–11]. 

As it is well established that water electrolysis 
in acidic electrolytes has higher energy efficiency 
and production rate compared to alkaline electro-
lytes, albeit the harsh corrosive acidic environment 
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allows some noble metal-based catalysts only 
for both electrodes. At present, platinum (Pt) is 
the  benchmark electrocatalyst for HER  [12] and 
noble metals iridium (Ir), ruthenium (Ru) and 
their oxides (IrO2 and RuO2) have been regarded 
as promising excellent electrocatalysts for OER [13, 
14], but their high production costs and low reserve 
limit the industrial application of noble metal cata-
lysts for electrocatalytic water splitting. Therefore, 
due to the less corrosion ability of alkali, researchers 
have unveiled the engineering of non-noble metal 
electrocatalysts with a high activity and durability, 
and a low cost in recent years to promote the indus-
trial development of alkaline water splitting.

In recent decades, researchers have developed 
several reaction mechanisms, such as the adsorb-
ate evolution mechanism (AEM)  [15] and lattice 
oxygen oxidation mechanism (LOM) [16], to fun-
damentally understand the  reaction mechanisms 
and find the  origin of the  reaction overpotential 
at the active site of different materials. Using these 
discovered mechanisms as the guidelines, it is pos-
sible to design more efficient OER electrocatalysts 
by increasing the exposure of electrochemically ac-
tive sites by reducing the particle size, engineering 
morphology of the catalyst, and promoting the sur-
face reconstruction of the catalysts into the active 
species [17].

The OER mechanism involves the  breaking of 
the O–H bond and the formation of the O–O bond 
and changes according to the pH of the electrolyte. 
In alkaline electrolytes, oxygen molecules are pro-
duced by the conversion of the OH– through four-
electron transfer steps. The mechanism of OER has 
been shown in Eqs.  (1)–(5) for the  alkaline me-
dium [18–19]:

OH– + * → OH* + e–, (1)

OH* + OH– → O* + H2O + e–, (2)

2O* → 2* + O2(g), (3)

O* + OH– → OOH* + e–, (4)

OOH* + OH– → * + O2(g) + H2O(l) + e–. (5)

The total response is the following:

4OH– → 2H2O(l) + O2(g) + 4e–.

Undoubtedly, over the past years, abundant low-
cost transition metals on the earth (Ni, Fe, Mo, Co, 
Mn, Cu, etc.), their compounds and alloys with 
different elemental compositions have gained ex-
tensive attention as OER electrocatalysts to replace 
noble IrO2 and RuO2 electrodes. These electrocata-
lysts include monometallic [20, 21], bimetallic [22, 
23] and trimetallic  [24–26] transition metals as 
well as their carbides [27–29], nitrides [27, 30, 31], 
phosphides [32–34], sulphides [35, 36], etc. Studies 
revealed that in order to act as an electrocatalyst 
with an excellent electrocatalytic activity, the elec-
trode must have a high surface active area as well as 
a high intrinsic electrocatalytic activity along with 
durability. The  intrinsic electrocatalytic activity 
can be achieved by alloying various transition met-
als instead of using pure metal(s) and the electro-
chemically active surface area can be enhanced by 
fabricating different nanostructures such as nanow-
ires [37, 38] nanosheets [4, 33, 39], nanocones [40], 
nanostars [9], etc. Other studies have demonstrat-
ed that binary, ternary and multinary alloying of 
transition metals such as Ni–Co [41], Ni–Mn [42], 
Mn–Co–Ni  [43], Ni–Fe–Mo–Cu [44], etc. exhibit 
improved electrocatalytic activity for water split-
ting in different compositions. Among these tran-
sition metals, nickel can be considered to be an 
excellent candidate as an electrocatalyst because 
of its less free energy to absorb hydrogen and Ni–
Mo2C-embedded N-doped carbon nanofibers (Ni/
Mo2C–NCNFs) demonstrated as an excellent bi-
functional electrocatalyst for overall water splitting 
delivering low overpotentials of 143 mV for HER 
and 288 mV for OER to attain current density of 
10 mA cm–2 [45]. The synergistic effect between Ni 
and Mo is noteworthy here as the hydrogen binding 
energy (HBE) between Ni and H is slightly weaker, 
whereas it is stronger enough between Mo2C and H. 
Thus, the HBE can be controlled to a relatively mod-
erate value by chemically coupling Ni and Mo2C, 
which could contribute to balance the  thermody-
namics between hydrogen adsorption and desorp-
tion [45, 46]. Nickel molybdenum nitride nanorods 
grown on Ni foam (Nifoam@Ni–Ni0.2Mo0.8N) exhibit 
an excellent electrocatalytic performance in 1.0 M 
KOH with low overpotentials of 15 and 218 mV for 
HER and OER, respectively, at a current density of 
10 mA cm–2  [31]. Furthermore, a unique fabrica-
tion of Ni–Mo nanostars by the  electrochemical 
deposition method also resulted in an excellent 
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electrocatalytic behaviour where a minimum value 
of 60 mV and 225 mV overpotential were required 
for generating the current density of 10 mAcm–2 in 
the HER and OER process, respectively, in the al-
kaline medium (1.0 M KOH) [9].

Inspired by the above-mentioned reports, herein 
we apply the widely used simple, fast and inexpen-
sive electrodeposition technique to fabricate a low-
cost, binderless and thin-layer three-dimensional 
(3D) binary Ni-Mo catalysts supported on titanium 
(Ti) surface (denoted as NiMo/Ti) followed by dec-
oration with a very low amount of Au-crystallites 
(denoted as Au(NiMo)/Ti) for investigating their 
electrocatalytic OER performance in the  alkaline 
medium (1.0 M NaOH).

EXPERIMENTAL

Chemicals
Titanium foil (99.7% purity) and HAuCl4 (99.995%) 
were purchased from Sigma-Aldrich Supply. H2SO4 
(96%), HCl (35–38%), nickel sulfate hexahydrate 
(NiSO4·6H2O, >98%), sodium molybdate dihydrate 
(Na2MoO4·2H2O, >99.5%) and NaOH (98.8%) were 
purchased from Chempur Company. Ultra-pure 
water with a resistivity of 18.2 MΩ·cm–1 was used 
for preparing the solutions. All chemicals were of 
analytical grade and used directly without further 
purification.

Fabrication of catalysts
The catalysts were prepared by a  facile, two-step 
process that involves electrodeposition of the  Ni-
Mo layer on the surface of the titanium (Ti) elec-
trode followed by a  galvanic displacement from 
the Au(III)-containing solution. Prior to the dep-
osition of the  NiMo catalysts, the  titanium plates 
were pretreated in diluted H2SO4 (1:1 vol) at 70°C 
for 3 s. NiMo catalysts were electroplated on the Ti 
surface (1 × 1 cm) from a bath containing 0.03 M 
Na2MoO4 along with 0.1, 0.2 and 1.0 M NiSO4 in 
an acidic medium (1.5  M H2SO4 and 1  M HCl). 
The process of electrochemical deposition was car-
ried out at the  constant current of 0.1 and 1  mA 
for 3 min at each current. The Au crystallites were 
deposited on the prepared NiMo/Ti electrodes by 
their immersion into 1 mM HAuCl4 + 0.1 M HCl 
solution for 10  s. After plating, the  samples were 
taken out, thoroughly rinsed with deionized water 
and air-dried at room temperature.

Characterization of catalysts
The morphology and composition of the prepared 
catalysts were investigated by scanning electron 
microscopy (SEM) using an SEM workstation SEM 
TM  4000 Plus (HITACHI). The  metal loadings 
were determined by inductively coupled plasma 
optical emission spectrometry (ICP-OES) analysis. 
The ICP-OES spectra were recorded using an Opti-
ma 7000 DV spectrometer (Perkin Elmer, Waltham, 
MA, USA) at wavelengths of λNi 231.604  nm, λMo 
202.031 nm and λAu 267.595 nm.

Electrochemical measurements
To investigate the electrochemical properties of our 
fabricated catalysts, a conventional three-electrode 
electrochemical cell was used and those fabricated 
NiMo/Ti and Au(NiMo)/Ti catalysts were em-
ployed as working electrodes, a Pt sheet was used 
as a counter electrode, and a calomel electrode was 
used as a reference. All potentials in this work were 
converted to the  reversible hydrogen electrode 
(RHE) scale using the following equation (6):

ERHE = ESCE + 0.242 V + 0.059 V × pHsolution. (6)

Current densities were calculated using the elec-
trode geometric area of 2 cm2. 1 M NaOH solution 
was used as an alkaline medium (working electro-
lyte) and always deaerated by argon (Ar) for 20 min 
before recording each linear sweep voltammograms 
(LSVs). The OER polarization curves were recorded 
from the open circuit potential (OCP) to 2.08 V (vs 
RHE) at a potential scan rate of 10 mV·s–1. Polariza-
tion curves were recorded at several temperatures 
from 25 up to 75°C, setting the  temperature with 
a water jacket connected to a LAUDA Alpha RA 8 
thermostat. Chronoamperometry (CA) curves 
were recorded for 2 h at a potential of 1.83 V (vs 
RHE) for investigating the stability of those fabri-
cated catalysts. All electrochemical measurements 
were performed with a Metrohm Autolab potentio-
stat (PGSTAT302) using the Electrochemical Soft-
ware (Nova 2.1.4).

RESULTS AND DISCUSSION

This study presents the preparation of 3D-structured 
binary NiMo/Ti and ternary Au(NiMo)/Ti catalysts 
and their electrocatalytic performance was inves-
tigated for OER. The  composition of the  plating 
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solutions for fabricating 3D binary NiMo/Ti cata-
lysts is listed in Table  1, and the  fabrication was 
carried out using the  electrochemical deposition 
method as described in the Section ‘Fabrication of 
catalysts’. As mentioned in Table 1, the Ni2+/Mo6+ ra-
tio of the plating solutions was varied by changing 
the concentration of NiSO4, while the concentration 
of Na2MoO4 was kept constant. The morphology and 
composition of the prepared six catalysts have been 
characterized by SEM and ICP-OES techniques and 
are presented in Fig. 1 and Table 2. Figure 1a–c shows 
the SEM images of the NiMo layers electrodeposited 
on the Ti surface and as a function of the adjacent 
Ni2+/Mo6+ ratio, both the  surfaces of NiMo/Ti-1 
and NiMo/Ti-2 catalysts are smooth and not well-
distinctive with a porous architecture Fig. (1a, b). In 
the case of the NiMo/Ti-3 catalyst, the lower magni-
fication SEM image depicts the wide-ranging cedar 
leaf-like Ni-Mo alloy structure that grows in a large 
area on the  Ti surface as a  function of the  Ni2+/
Mo6+ ratio. Those leaf-like Ni-Mo alloy architectures 
have been uniformly dispersed on the  Ti surface 
and the higher magnification portraits an irregular 

stack of well-defined randomly distributed particles 
forming a cedar leaf-like structure. Figure 1f depicts 
the surface of Au(NiMo)/Ti-3 electrode, where Au 
crystallites were deposited on the  prepared NiMo/
Ti-3 electrode after immersing into 1  mM HAu-
Cl4 + 0.1 M HCl solution for 10 s. The mass of the el-
ements (metal loadings) deposited onto the Ti sub-
strate surface was determined by ICP-OES analysis 
(Table 2). It was found that the  formed 3D binary 
NiMo/Ti catalysts contained ca. 83–94 wt.% of Ni, 
whereas those 3D ternary Au(NiMo)/Ti catalysts 
possessed ca. 77–88 wt.% of Ni, 6–18 wt.% of Mo and 
5–6 wt.% of Au. The total metal loadings (µgmetalcm–2) 
in the prepared catalysts are quite different and vary 
from 24 up to 106 µgmetalcm–2.

Ta b l e  1 .  Composition of the electrochemical bath

Catalysts
Concentration in mol·dm–3

Ni2+ Mo6+

NiMo/Ti-1 0.1 0.03

NiMo/Ti-2 0.2 0.03

NiMo/Ti-3 1.0 0.03

Fig. 1. SEM views of NiMo/Ti (a–c) and Au(NiMo)/Ti (d–f) catalysts mentioned in Table  2. 
(c) The inset represents the photo of a cedar leaf

40 µm

40 µm

40 µm40 µm

40 µm

40 µm

a NiMo/Ti-1 d Au(NiMo)/Ti-1
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The investigаtion of the  electrocatalytic OER 
performance of the  prepared catalysts was per-
formed by recording LSVs in 1.0  M NaOH solu-
tion at а potentiаl scаn rаte of 10 mV·s–1 in several 
temperatures from 25 up to 75°C and the potential 
range from the open-circuit potential (OCP) up to 
2.08 V (vs RHE). Ternary Au(NiMo)/Ti-3 catalyst 
exhibited the highest current density (j), followed by 
Au(NiMo)/Ti-2 and Au(NiMo)/Ti-1. For instance, 
Au-decorated ternary Au(NiMo)/Ti-3, Au(NiMo)/
Ti-2 and Au(NiMo)/Ti-1 catalysts reached the cur-
rent densities up to 71, 37 and 21 mA·cm–2 at 25°C. 
On the contrary, that fabricated binary (NiMo/Ti) 

catalysts exhibited comparatively lower (from 1.2 
to 3 times lower) current densities with a mutual 
comparison for OER (Fig. 2). It has been observed 
that the  current densities increase gradually with 
an increase of temperature from 25 up to 75°C and 
for binary NiMo/Ti catalysts, j increases ca. 1.2–7.3 
times higher, whereas ca. 1.3–5.1 times higher val-
ues were recorded for Au(NiMo)/Ti catalysts. Fig-
ure 3a, b depicted the current densities of 3D bina-
ry NiMo/Ti and Au-decorated ternary Au(NiMo)/
Ti catalysts at 25°C, respectively.

An overpotential to reach a  current density 
of 10  mA·cm–2 (η10) was found to be similar for 

Fig. 2. OER polarization curves of 3D NiMo/Ti (a–c) and Au(NiMo)/Ti (d–f) catalysts in 1 M NaOH solution at 10 mV·s–1 potential scan rate and 
25–75°C temperature range

Ta b l e  2 .  The metal loading in the catalysts determined by ICP-OES analysis

Catalyst Ni loadings, µgNicm–2 Mo loadings, µgMocm–2 Au loadings, µgAucm–2 Total metal loading, µgmetalcm–2

NiMo/Ti-1 23.4 4.9 28.3

NiMo/Ti-2 29.6 5.3 34.9

NiMo/Ti-3 99.5 6.7 106.2

Au(NiMo)/Ti-1 18.3 4.4 1.2 23.9

Au(NiMo)/Ti-2 25.4 4.6 1.7 31.7

Au(NiMo)/Ti-3 81.4 6.0 5.2 92.6

a NiMo/Ti-1 b NiMo/Ti-2 c NiMo/Ti-3

d Au(NiMo)/Ti-1 e Au(NiMo)/Ti-2 f Au(NiMo)/Ti-3

25°C
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45°C
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75°C
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Fig. 3. OER polarization curves of 3D NiMo/Ti (a) and Au(NiMo)/Ti (b) catalysts in 1 M NaOH solution at 10 mV·s–1 potential scan 
rate and 25°C temperature and the corresponding Tafel plots (a’, b’)

Au(NiMo)/Ti-2 (1.83  V), NiMo/Ti-3 (1.81  V) 
and NiMo/Ti-2 (1.85  V) and ca. 0.11  V higher 
for Au(NiMo)/Ti-1 (1.94  V) catalyst (Table  3). 
Au(NiMo)/Ti-3 catalyst demonstrates as the  su-
perior among all as required the  lowest overpo-
tential of 1.71  V. The  current density at NiMo/
Ti-1 catalyst did not reach a value of 10 mA·cm–2 
in the  investigated potential range; it reached 
a value of only 6.52 mA·cm–2 at 2.08 V and 25°C. 
The Tafel plots were constructed by using the OER 
polarization curves and the resultant Tafel slopes 
were demonstrated in Fig. 3 (a’, b’). The Tafel slope 
values of 167, 93 and 169 mV·dec–1 were obtained 
for OER at NiMo/Ti-1, NiMo/Ti-2 and NiMo/

Ti-3 catalysts, respectively, and the  evaluated 
Tafel slope values for those Au-decorated ternary 
Au(NiMo)/Ti-1, Au(NiMo)/Ti-2 and Au(NiMo)/
Ti-3 catalysts were, respectively, 106, 81 and 
114 mV·dec–1.

Another crucial criterion for an advanced elec-
trode material is its electrochemical stability. To 
further explore and elucidate the OER activities, 
the durability of all six catalysts was evaluated by 
chronoamperometric (CA) measurements in 1 M 
NaOH at 1.83 V (vs RHE) for 2 h (Fig. 4). For bi-
nary NiMo/Ti catalysts, a  sharp decrease in cur-
rent densities was observed, while the Au(NiMo)/
Ti catalysts show much higher stability for OER 
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in alkaline media. The  CA results confirmed 
the  result obtained by LSV analysis in terms of 
Au(NiMo)/Ti-3 catalyst giving the  highest cata-
lytic activity (current density) for OER (Fig. 4b). 
More than 2.5 times lower current density was 
obtained with Au(NiMo)/Ti-2 (3.39  mA·cm–2) 
and ca. 5.5 times lower with Au(NiMo)/Ti-1 
catalysts (1.57  mA·cm–2) in CAs after 2  h. In 
the  case of binary NiMo/Ti-3 coating, a  com-
paratively lower current density was recorded 
(1.1  mA·cm–2) along with 2.8 and more than 17 
times lower value for NiMo/Ti-2 (0.39 mA·cm–2) 
and NiMo/Ti-1 (0.06 mA·cm–2) catalysts. The at-
tained current densities after 0.5 h and after 2 h for 
OER are 1.3–1.8 times lower for all the prepared 
catalysts.

CONCLUSIONS

The binary Ni-Mo alloy coatings were successfully 
deposited on the Ti substrate through the electro-
deposition method and subsequently decorated 
with a  very low amount of Au-crystallites from 
the  gold-containing solution to investigate their 
enhanced catalytic performance by comparing 
with those respective bare NiMo/Ti catalysts for 
oxygen evolution reaction. These fabricated bind-
er-free electrodes exhibited a good stability, which 
could be ascribed to the high intrinsic activity be-
tween Ni and Mo as well as their uniformly dis-
persed large specific surface area. The Au(NiMo)/
Ti catalysts with the low Au loadings in a range of 
1.2–5.2  μgAucm–2 possess ca. 1.2–3.2 times higher 

Ta b l e  3 .  Electrochemical performance of the tested catalysts toward OER in alkaline media

Catalysts
j (mA·cm–2) in different temperatures (°C) at 2.08 V

Tafel slope, mV·dec–1 η10*, V
25 35 45 55 65 75

NiMo/Ti-1 6.52 9.76 16.5 23.77 34.5 47.45 167 –

NiMo/Ti-2 29.91 42.62 52.75 70.28 92.62 115.31 93 1.85

NiMo/Ti-3 39.05 50.34 62.55 87.13 111.65 152.53 169 1.81

Au(NiMo)/Ti-1 20.63 28.46 40.59 57.16 78.34 106.14 106 1.94

Au(NiMo)/Ti-2 36.61 50.16 72.65 101.24 128.39 162.8 81 1.83

Au(NiMo)/Ti-3 71.37 95.73 126.0 154.94 193.31 228.63 114 1.71

* Overpotential at 10 mA·cm–2.

Fig. 4. Chronoamperometric data of the investigated NiMo/Ti and Au(NiMo)/Ti catalysts in 1 M NaOH solution at the potential value 
of 1.83 V (vs RHE), t = 2 h (7200 s)
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electrocatalytic activity towards the oxygen evolu-
tion reaction in the alkaline medium as compared 
to the respective binary NiMo/Ti catalysts and seem 
to be promising anode materials for OER. The best 
electrochemical activity for OER in alkaline media 
was obtained using Au(NiMo)/Ti-3 catalysts with 
the Au loading of 5.2 μgAucm–2.
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Sukomol Barua, Aldona Balčiūnaitė, Jūratė Vaičiūnienė, 
Loreta Tamašauskaitė-Tamašiūnaitė, Eugenijus Norkus 

3D STRUKTŪROS Au(NiMo)/Ti 
KATALIZATORIAI EFEKTYVIAI DEGUONIES 
IŠSISKYRIMO REAKCIJAI

S a n t r a u k a
3D struktūros aukso-nikelio-molibdeno (Au(NiMo) 
katalizatorių aktyvumas tirtas deguonies išsiskyrimo 
reakcijai (OER). Katalizatoriai buvo nusodinti ant tita-
no paviršiaus naudojant elektrocheminį metalų nuso-
dinimo bei galvaninio pakeitimo metodus. Au(NiMo)/
Ti katalizatoriai, kuriuose nusodinto Au kiekis yra nuo 
1,2 iki 5,2  μgAucm–2, pasižymėjo ~1,2–3,2 karto dides-
niu elektrokataliziniu aktyvumu deguonies išsiskyrimo 
reakcijai šarminėje terpėje, palyginti su atitinkamais 
NiMo/Ti katalizatoriais. Didinant temperatūrą nuo 25 
iki 75 °C, deguonies išsiskyrimo srovės tankio vertės pa-
didėja 1,2–7,3 ir ~1,3–5,1 karto, naudojant, atitinkamai, 
3D NiMo/Ti ir Au(NiMo)/Ti katalizatorius.
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Bimetallic 3D Nickel-Manganese/Titanium Bifunctional
Electrocatalysts for Efficient Hydrogen and Oxygen Evolution
Reaction in Alkaline and Acidic Media
Sukomol Barua , Aldona Balčiūnaitė *, Jūrate Vaičiūnienė, Loreta Tamašauskaitė-Tamašiūnaitė
and Eugenijus Norkus

Department of Catalysis, Center for Physical Sciences and Technology (FTMC), LT-10257 Vilnius, Lithuania;
sukomol.barua@ftmc.lt (S.B.); jurate.vaiciuniene@ftmc.lt (J.V.); loreta.tamasauskaite@ftmc.lt (L.T.-T.);
eugenijus.norkus@ftmc.lt (E.N.)
* Correspondence: aldona.balciunaite@ftmc.lt

Abstract: In this work, 3D nickel-manganese (NiMn) bimetallic coatings have been studied as
electrocatalysts for both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in
alkaline (1.0 M KOH) media and the HER in acidic (0.5 M H2SO4) media. The catalysts have been
deposited on a titanium substrate (1 × 1 cm2) using low-cost and facile electrochemical deposition
method through a dynamic hydrogen bubble template technique. The electrocatalytic performance of
these fabricated catalysts was investigated by using Linear Sweep Voltammetry (LSV) for HER and
OER at different temperatures ranging from 25 up to 75 ◦C and also was characterized by scanning
electron microscopy (SEM) and inductively coupled plasma optical emission spectroscopy (ICP-OES).
It was found that fabricated NiMn/Ti-5 electrocatalyst with Ni2+/Mn2+ molar ratio of 1:5 exhibits
excellent HER activity in alkaline media with overpotential of 127.1 mV to reach current density
of 10 mA cm−2. On the contrary, NiMn/Ti-1 electrocatalyst that fabricated with Ni2+/Mn2+ molar
proportion of 1:1 and lowest Mn-loading of 13.43 µgcm−2 demonstrates exceptional OER activity
with minimum overpotential of 356.3 mV to reach current density of 10 mA cm−2. The current
densities increase ca. 1.8–2.2 times with an increase in temperature from 25 ◦C to 75 ◦C for both HER
and OER investigation. Both catalysts also have exhibited excellent long-term stability for 10 h at
constant potentials as well as constant current density of 10 mA cm−2 that assure their robustness
and higher durability regarding alkaline water splitting.

Keywords: nickel; manganese; bifunctional electrocatalyst; electrodeposition; hydrogen evolution
reaction; oxygen evolution reaction

1. Introduction

Over the last decade, a substantial research focusing on uninterrupted supply of re-
newable and clean energy has become a key issue due to alarming environmental threat
and rapid depletion of fossil fuels [1–4]. In order to find potential substitutes, hydro-
gen is considered the most promising alternative to fossil fuels because of its advantages
of zero carbon emissions, high gravimetric energy density (140 MJ·Kg−1), and high effi-
ciency [5–10]. Comparing with major methods for industrial hydrogen production e.g., coal
gasification and steam methane reforming, the electrocatalytic water splitting in large-scale
can also be considered as the most prospecting method [11]. This is not only due to the low
conversion efficiency of methane and coal steam into H2 and CO2, and their consequences
of carbon-emissions and global climate warming but also the advantageous feature of high
purity industrial-level H2 production from abundant natural resource with free-carbon
emission and sustainability. This promising method of green H2 production can also be the
most convenient way to store the intermittent renewable energy like solar and wind energy
by converting the electricity into H2 fuels [12].

Coatings 2023, 13, 1102. https://doi.org/10.3390/coatings13061102 https://www.mdpi.com/journal/coatings
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Electrocatalytic water splitting is regarded as a propitious approach for hydrogen
production that consists of two half reactions: the anodic oxygen evolution reaction (OER)
and the cathodic hydrogen evolution reaction (HER). The overall electrocatalytic water
splitting under standard condition is a thermodynamically unfavorable uphill reaction
that requires a thermodynamic Gibbs free energy of 237.2 kJ mol−1, corresponding to the
theoretical limit of 1.23 V. However, to drive the reaction at a practical rate, total energy of
285.8 kJ mol−1 is required that when converted to potential becomes 1.48 V, which is called
the overpotential. Thus, practical real-world water spitting processes are limited by the
high overpotential and can only be occurred by exceeding this barrier [13]. Nevertheless,
two half-cell reactions of water splitting, i.e., HER and OER require large amount of
energy to initiate and high individual overpotential to overcome sluggish multi-electron
transfer kinetics, which leads to energy waste [14,15]. To overcome lethargic kinetics and
for reducing high overpotential values of complex electron transfer pathways, currently,
Pt-group and Pt-based materials (e.g., Pt/C) are considered as benchmark catalysts for HER
and Ir/Ru-based (IrO2/RuO2) materials are considered the highly efficient commercially
available catalysts for OER [16–19]. However, their low natural reserves and high cost
restrict the large-scale industrial application of these catalysts and hinder the production
and commercialization of hydrogen by electrocatalytic water spitting. Therefore, the
designing and development of a cost-efficient, stable and highly efficient bifunctional
electrocatalyst is the key factor to breaking the technical bottleneck of renewable green
hydrogen production from overall water splitting [20,21].

In electrocatalytic water splitting, the mechanism of cathodic HER involves three main
steps, i.e., Volmer, Heyrovsky and Tafel reactions, as shown below, in alkaline media, where
the asterisk (*) represents the active sites on the surface of the electrocatalyst [22]:

Volmer reaction: H2O + e− + * ↔ H* + OH− (b ~ 120 mV dec-1) (1)

Heyrovsky reaction: H* + H2O + e− ↔ H2 + OH− + * (b ~ 40 mV dec-1) (2)

Tafel reaction: H* + H* ↔ H2 + 2* (b ~ 30 mV dec-1) (3)

where b is the Tafel slope obtained from the HER polarization curves.
On the other hand, in alkaline electrolytes, the anodic OER mechanism involves the

breaking of the O—H bond and the formation of the O—O bond and progresses through
four electron transfer steps. The mechanism of OER has been shown in Equations (4)–(8)
for alkaline medium [23].

OH− + * → OH* + e− (4)

OH* + OH− → O* + H2O + e− (5)

2O* → 2* + O2(g) (6)

O* + OH− → OOH* + e− (7)

OOH* + OH− → * + O2(g) + H2O(l) + e− (8)

In a quest to get over these energy consuming slothful multi-electron transfer kinetics
and to promote potential substitutes of high-cost, noble metal-based electrocatalysts, an
intense research interest has been paid on various transition metals based materials for
exploring high-active electrocatalysts substantiating their cost, stability, efficiency and earth-
abundance. In recent years, many non-noble transition metal-based compounds (especially
3d-block transition metals such as Ni, Co, Fe, Mo, Mn etc.) and their alloys [24–28], ox-
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ides [29–32], hydroxides/layered double hydroxide (LDH) [33–36], oxyhydroxides [37–39],
phosphides [40–44], sulfides [45–48] etc. have been explored and demonstrated excellent
individual HER or OER performance as well as unique superior bifunctional electrocat-
alytic activity.

Among these electrocatalysts, nickel-based materials especially nickel-based bi- or,
trimetallic and multicomponent alloy electrocatalysts can be considered as potential substi-
tutes for noble metal catalysts due to their abundant reserves, low cost, unique electronic
interaction, diversity of modification by optimizing the electronic structure, high electrical
conductivity, excellent corrosion resistance, optimal stability, and excellent performance for
the production of hydrogen in alkaline media [49–53]. In addition, nickel doping or alloy-
ing with other non-precious metals improve the electronic structure of the electrodes and
proven as one of the most promising strategies for enhancement of electrocatalytic activity.
For example, the addition of iron to the Ni–Mo electrodeposition bath leads to a synergistic
effect on the deposition of molybdenum and the amount of molybdenum on the electrode
surface increased from 9.3 to 37.4 atomic percent. The as-fabricated (Ni52.3Mo37.4Fe10.2) elec-
trocatalyst with optimal composition exhibits a small overpotential of 65 mV and 344 mV
for delivering current density of 10 mA cm−2 on HER and OER, respectively in alkaline
media [54]. An enhanced HER and OER activity have been demonstrated by Cu-doped
Ni bifunctional electrocatalysts as require minimum overpotential of 76 mV and 290 mV,
respectively to the current density of 10 mA cm−2 [55]. Gao et al. reported a ternary
Ni-Fe-Mo alloy nanowire electrocatalyst (Ni0.8Fe0.15Mo0.05) which exhibits prominently
improved OER catalytic performance achieving an optimal overpotential of 300 mV at
50 mA cm−2 with corresponding Tafel slope value of 42.4 mV dec−1 [56]. All of these
studies have shown that metal alloying prompts to improve electrocatalytic activity. In
addition, Mn as one of the first-row transition metal element has received tremendous
attention as dopant to decorate high-performance alloy electrocatalysts for overall water
splitting [57]. Luo et al. synthesized Mn–Fe bimetallic oxide heterostructures on nickel
foam by adjusting the molar ratio of Fe:Mn [58]. The MnFeO-NF-0.4 electrocatalyst with
Fe:Mn ratio of 0.4:1 exhibited outstanding performance with ultralow overpotential of
157 mV for the OER while the MnFeO-NF-0.8 (Fe:Mn ratio of 0.8:1) demonstrated su-
perior HER performance with only 64 mV overpotential to achieve a current density of
10 mA cm−2. Xu et al. designed Mn-doped Ni2P microflowers with optimal Mn/Ni ratio of
0.053 which outperforms many commercially used electrocatalysts exhibiting low overpoten-
tials of 205 mV for HER and 330 mV for OER to achieve a current density of 100 mA cm−2 [59].

Moreover, another favorable approach to improve the electrocatalytic performance of
catalysts is to increase the active surface area by creating a three-dimensional structure. Elec-
trocatalyst in the form of three-dimensional coating is more suitable for practical application
in comparison with powder as polymer binders are used to adhere powder electrocatalysts
to the conducting surface, whereas, the catalyst on self-supporting electrodes are easy to
operate and remain in direct contact with electrolytes, which can increase the conductivity
and accelerate electron transfer. Additionally, the 3D interconnected network structure of
the self-supporting electrode substrate is more favorable for the release of hydrogen and
oxygen [60–62]. Answering above phenomena, the electrochemical deposition method is
the facile, cost-effective, binder-free, template-free, versatile method to fabricate highly
active electrocatalysts with desired composition and morphology.

To our knowledge, a number of NiMn LDH-based catalysts [34,63–69], their phos-
phides [70], phosphates [71], selenides [72] and composites [73] have been reviewed and
investigated with different composition, morphology and fabrication conditions but only
few works carried out on nickel-manganese bi- or, trimetallic alloy catalysts for electrocat-
alytic water splitting.

In this study, we report an affordable and facile fabrication of bimetallic NiMn alloy
electrocatalysts demonstrating their superior bifunctional electrocatalytic performance for
hydrogen evolution reaction in both alkaline and acidic media (1 M KOH and 0.5 M H2SO4)
and the oxygen evolution reaction in alkaline media with excellent long-term stability.
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2. Materials and Methods
2.1. Chemicals

Titanium foil (99.7% purity) and stainless steel foil (0.2 mm, Type 304) were purchased
from Sigma-Aldrich (Saint Louis, MO, USA) Supply and Alfa Aesar (Karlsruhe, Germany)
GmbH & Co., respectively. H2SO4 (96%), HCl (35–38%), nickel sulfate hexahydrate
(NiSO4·6H2O, >98%), manganese chloride tetrahydrate (MnCl2·4H2O, >99%), ammonium
sulfate ((NH4)2SO4, >99%), boric acid (H3BO3, >99.5%) and KOH (98.8%) were purchased
from Chempur Company (Karlsruhe, Germany). Ultrapure water with a resistivity of
18.2 MΩ cm−1 was used for preparing the solutions. All chemicals were of analytical grade
and used directly without further purification.

2.2. Fabrication of Catalysts

In this study, titanium sheets were used as substrates to fabricate the bimetallic nickel-
manganese alloy electrocatalysts with different compositions. The catalysts were prepared
by a facile, low-cost electrochemical deposition method on Ti surface (1 × 1 cm2) through a
dynamic hydrogen bubble template technique. Initially, the titanium sheets were pretreated
in diluted H2SO4 (1:1 vol.) at 70 ◦C for 3 s, then rinsed with distilled water and finally
immersed into the electrochemical deposition bath. The composition of the coating bath
for NiMn/Ti electrocatalysts included NiSO4 · 6H2O (52.57 g·L−1), MnCl2 · 4H2O (39.60 to
197.92 g·L−1), (NH4)2SO4 (66.07 g·L−1) and H3BO3 (18.55 g·L−1) dissolved in distilled water
at acidic condition (1.5 M H2SO4 and 1 M HCl). Also, 52.57 · g·L−1 of NiSO4 6H2O and
197.92 g·L−1 of MnCl2 · 4H2O were used separately with aforementioned other reagents
to prepare Ni/Ti and Mn/Ti catalyst samples, respectively, for comparing performances
with fabricated catalysts. The composition of the electrochemical bath and electroplating
conditions used for coating treatment are presented in Table 1. Electrochemical deposition
was implemented in a two-electrode cell in which a stainless steel sheet (40 × 25 × 0.2 mm)
was used as the anode. The fabrication procedure was carried out under the applied
current density and duration time conditions of 50 mA cm−2 for 3 min and 500 mA cm−2

for another 3 min. After coating, the samples were taken out, thoroughly rinsed with
deionized water, air-dried at room temperature and preserved for further investigations.

Table 1. The composition of the electrochemical bath with plating condition parameters.

Catalysts
Concentration (M) Plating Conditions

NiSO4 6H2O MnCl2 4H2O (NH4)2SO4 H3BO3 Parameters Values

Ni/Ti 0.2 - 0.5 0.3 Current densities 50 mA cm−2

Mn/Ti - 1.0 0.5 0.3 500 mA cm−2

NiMn/Ti-1 0.2 0.2 0.5 0.3 Time 3 min
NiMn/Ti-2 0.2 0.4 0.5 0.3
NiMn/Ti-3 0.2 0.6 0.5 0.3 Temperature 25 ◦C
NiMn/Ti-4 0.2 0.8 0.5 0.3
NiMn/Ti-5 0.2 1.0 0.5 0.3 pH ~1

2.3. Characterization of Catalysts

The morphology and composition of the prepared Ni/Ti sample and NiMn/Ti cata-
lysts were investigated by scanning electron microscopy (SEM) using a SEM workstation
SEM TM 4000 Plus (HITACHI) with an energy dispersive X-ray (EDX) spectrometer.

The metal loadings were determined by inductively coupled plasma optical emission
spectroscopy (ICP–OES) analysis. The ICP–OES spectra were recorded using an Optima
7000DV spectrometer (Perkin Elmer, Waltham, MA, USA) at wavelengths of λNi 231.604 nm
and λMn 257.610 nm.
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2.4. Electrochemical Measurements

The electrocatalytic activity of bimetallic nickel-manganese electrocatalysts towards
HER and OER was evaluated by linear sweep voltammetry (LSV) using a potentiostat
PGSTAT302 (Metrohm Autolab B.V., Utrecht, The Netherlands) through Electrochemical
Software (Nova 2.1.4). A standard three-electrode electrochemical cell was used during the
investigation and the fabricated NiMn/Ti catalysts with a geometric area of 2 cm2 were
employed as working electrodes, a Pt sheet was used as a counter electrode and a saturated
calomel electrode (SCE) was used as a reference. All potentials in this work were converted
to the reversible hydrogen electrode (RHE) scale using the following equation:

ERHE = ESCE + 0.242 V + 0.059 V × pHsolution (9)

LSVs were recorded in an Ar-saturated 1 M KOH solution at the temperature range
from 25 ◦C to 75 ◦C, setting the temperature with a water jacket connected to a LAUDA
Alpha RA 8 thermostat. HER and OER polarization curves were recorded from the open
circuit potential (OCP) to −0.432 V (vs. RHE) and OCP to 2.068 V (vs. RHE), respectively,
at a potential scan rate of 10 mV s−1. The HER polarization curves in acidic media (0.5 M
H2SO4) were recorded from the OCP to −0.958 V (vs. RHE) at a potential scan rate of
10 mV s−1. Also, in order to evaluate the long-term stability of the fabricated catalysts, the
chronopotentiometric curves were recorded at a constant current density of 10 mA cm−2 in
1.0 M KOH solution for 10 h. Moreover, the chronoamperometry (CA) curves were also
studied after 10 h continuous electrolysis in alkaline environment at a potential of −0.232 V
(vs. RHE) for HER and at a potential of 1.818 V (vs. RHE) for OER.

3. Results and Discussions
3.1. Microstructure and Morphology Studies

In this study, the electrocatalytic performance of 3D bimetallic nickel-manganese
alloy electrocatalysts were evaluated for HER and OER in the alkaline (1.0 M KOH)
medium as well as the HER activity in acidic (0.5 M H2SO4) medium. The coatings’ sur-
face morphology was studied by scanning electron microscopy (SEM). Figure 1 depicted
the SEM images of the prepared Ni/Ti (a) sample and NiMn/Ti-1 (b), NiMn/Ti-2 (c),
NiMn/Ti-3 (d), NiMn/Ti-4 (e) NiMn/Ti-5 (f) catalysts. The surface morphology of Ni/Ti
sample is observed to be compact, smooth and crack-free where the Ni particles are
seem to be uniformly distributed. The top side views of NiMn/Ti catalysts demonstrate
a typical globular morphology consisting of smaller nodules in Figure 1b. The size of
nodules enlarged with increase of Mn-content on the catalyst and started to cover the
surface of substrate (Figure 1c,d). With higher Mn-content, the catalysts turned into a
unique porous architecture with abundant pores of different sizes, which can provide
more channels for electrolyte diffusion, accelerate the efficiency of electron transport
and increase numerous active sites (Figure 1e,f).

Mass of the elements (metal loadings) deposited onto the Ti substrate surface was
determined by ICP–OES analysis (Table 2). It can be seen that the fabricated bimetallic
NiMn/Ti electrocatalysts possessed ca. 44–86.6 wt% of Ni and ca. 13.4–56 wt.% of Mn. The
total metal loadings (µgmetalcm−2) in the prepared catalysts were gradually uplifted with
increase of Mn-concentration and vary from ca. 100 up to 1223.5 µgmetalcm−2.
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Figure 1. SEM views of Ni/Ti sample (a) and bimetallic NiMn/Ti catalysts (b–f).

Table 2. The metal loading in the catalysts as determined by ICP-OES analysis.

Catalyst
Ni Loading
(µgNicm−2)

Mn Loading
(µgMncm−2)

Total Metal Loading
(µgmetalcm−2)

Wt.%

Ni Mn

Mn/Ti - 21.5 21.5 - 100
Ni/Ti 300.25 - 300.25 100 -

NiMn/Ti-1 86.55 13.43 99.98 86.56 13.44
NiMn/Ti-2 126.4 40.55 166.95 75.71 24.29
NiMn/Ti-3 269.7 105.25 374.95 71.93 28.07
NiMn/Ti-4 448.45 374.4 822.85 54.49 45.51
NiMn/Ti-5 538 685.5 1223.5 43.97 56.03
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3.2. Electrocatalytic Activity towards HER

The electrocatalytic performance of the prepared catalysts for HER was investigated
by recording LSVs in 1.0 M KOH solution at a potential scan rate of 10 mV·s–1 from OCP up
to −0.432 V (vs. RHE), at temperature from 25 up to 75 ◦C. The current density increases ca.
1.85–2.25 times with an increase in temperature from 25 up to 75 ◦C using the fabricated
3D NiMn/Ti catalysts for HER. The LSV curves are shown in Figure 2 at the range of
investigated temperatures and the polarization curves of fabricated catalysts at only 25 ◦C
are discretely demonstrated in Figure 3a with prepared bare Ni/Ti and Mn/Ti catalysts
from Ni and Mn-solution.

Coatings 2023, 13, x FOR PEER REVIEW 7 of 19 
 

 

NiMn/Ti-1 86.55 13.43 99.98 86.56 13.44 
NiMn/Ti-2 126.4 40.55 166.95 75.71 24.29 
NiMn/Ti-3 269.7 105.25 374.95 71.93 28.07 
NiMn/Ti-4 448.45 374.4 822.85 54.49 45.51 
NiMn/Ti-5 538 685.5 1223.5 43.97 56.03 

3.2. Electrocatalytic Activity towards HER 
The electrocatalytic performance of the prepared catalysts for HER was investigated 

by recording LSVs in 1.0 M KOH solution at а potential scan rate of 10 mV·s–1 from OCP 
up to −0.432 V (vs. RHE), at temperature from 25 up to 75 °C. The current density increases 
ca. 1.85–2.25 times with an increase in temperature from 25 up to 75 °C using the fabricated 
3D NiMn/Ti catalysts for HER. The LSV curves are shown in Figure 2 at the range of in-
vestigated temperatures and the polarization curves of fabricated catalysts at only 25 °C 
are discretely demonstrated in Figure 3a with prepared bare Ni/Ti and Mn/Ti catalysts 
from Ni and Mn-solution. 

-0.4 -0.3 -0.2 -0.1 0.0

-0.4 -0.3 -0.2 -0.1 0.0

-0.4 -0.3 -0.2 -0.1 0.0

-120

-100

-80

-60

-40

-20

0

j /
 m

A
 c

m
-2

-0.4 -0.3 -0.2 -0.1 0.0

j /
 m

A
 c

m
-2

-120

-100

-80

-60

-40

-20

0

25 oC
35 oC
45 oC
55 oC
65 oC
75 oC

E / V (RHE)

E / V (RHE)

-0.4 -0.3 -0.2 -0.1 0.0

(a) NiMn/Ti-1 (b) NiMn/Ti-2 (c) NiMn/Ti-3

(e) NiMn/Ti-5(d) NiMn/Ti-4

 
Figure 2. HER polarization curves of 3D NiMn/Ti catalysts in 1 M KOH solution at 10 mV s−1 poten-
tial scan rate and a temperature range from 25 up to 75 °C. 
Figure 2. HER polarization curves of 3D NiMn/Ti catalysts in 1 M KOH solution at 10 mV s−1

potential scan rate and a temperature range from 25 up to 75 ◦C.

As shown in Figure 3a, all fabricated NiMn/Ti catalysts exhibit remarkable HER
catalytic activities surpassing those of Ni/Ti and Mn/Ti samples. It is worth mentioning
that via alloying Ni to Mn with different molar ratio enhanced the electrocatalytic activity
and the overpotential values at 10 mA cm−2 (η10) were considerably reduced from 424.2 mV
for Mn/Ti sample to 220.3 mV for NiMn/Ti-1 catalyst. The bimetallic NiMn/Ti-5 delivers
superior catalytic activity with a low overpotential of 127.1 mV to achieve 10 mA cm−2

relative to the NiMn/Ti-4 (144.8 mV) and NiMn/Ti-3 (149.8 mV) catalysts (Table 3). The
obtained results show that the overpotential for HER in alkaline media is shifted to a more
positive potential region with the increase of Mn in the coatings.
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Figure 3. HER polarization curves in 1 M KOH solution at 10 mV s−1 potential scan rate and at 25 ◦C
temperature (a) with corresponding extracted Tafel plots (b) and required overpotentials to reaching
the current densities of 10, 20 and 50 mA cm−2 (c).

Table 3. Electrochemical parameters of the investigated catalysts toward HER in alkaline media.

Catalysts
j (mA cm−2) in Different Temperatures (◦C) at

−0.432 V(vs. RHE) j (mA µg−1)
at 25 ◦C

η10 (mV)
at 25 ◦C

Tafel Slope
(mV dec−1)

25 35 45 55 65 75

Mn/Ti 11.53 - - - - - 0.54 424.2 134

Ni/Ti 33.95 - - - - - 0.11 270.7 192

NiMn/Ti-1 50.58 74.57 84.92 95.81 105.39 113.28 0.51 220.3 177

NiMn/Ti-2 59.85 69.79 78.84 88.75 99.49 114.56 0.36 195.1 194

NiMn/Ti-3 60.65 75.68 86.56 97.46 108.15 117.03 0.16 149.8 199

NiMn/Ti-4 67.25 81.47 94.82 107.25 116.65 124.41 0.08 144.8 192

NiMn/Ti-5 69.12 82.75 88.56 101.6 114.59 134.67 0.06 127.1 184

To reveal the HER kinetics behavior, the NiMn/Ti electrocatalysts were investigated
using Tafel plots. The Tafel equation (Equation (10)) was used for the determination of the
kinetic parameters for the HER:

η = a + blogj (10)

where, η (V), a (V), b (V dec−1) and j (A cm−2) represent the applied overpotential, the
curve intercept, the Tafel slope and the resulting current density, respectively. Tafel slope
values were found to be 177, 194, 199, 192, and 184 mV dec–1 (Figure 3b and Table 3) for the
prepared 3D bimetallic NiMn/Ti-1, NiMn/Ti-2, NiMn/Ti-3, NiMn/Ti-4, and NiMn/Ti-5
catalysts, respectively, implying that HER might occur through the Volmer–Heyrovsky
mechanism. To evaluate the electrocatalytic activity of catalysts, it is important to compare
the required overpotential to reach a current density of 10 mA cm−2 (η10) that considered a
benchmark in many studies. The magnitude of overpotentials required to reach current
densities of 10, 20 and 50 mA cm−2 were shown in Figure 3c. It has been seen that
alloying Ni to Mn with higher concentrations prompt to enhance the electrocatalytic activity
and lowering overpotentials for HER, thus, the η10, η20 and η50 values have followed a
sequential downward order from NiMn/Ti-1 to NiMn/Ti-5.

Subsequently, the electrocatalytic activities of the prepared 3D NiMn/Ti catalysts
for HER were also investigated in acidic media (0.5 M H2SO4) at a potential scan rate of
10 mV s–1 from OCP up to −0.958 V (vs. RHE). As evident from LSVs shown in Figure 4a,
all studied catalysts exhibited excellent HER performance at 25 ◦C in comparison with
prepared samples, while an optimal HER catalytic activity was observed on NiMn/Ti-5
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with minimum overpotential of 102.1 mV to reach current density of 10 mA cm−2, followed
by NiMn/Ti-4 (160.1 mV) and NiMn/Ti-3 (177.7 mV).
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Figure 4. HER polarization curves of 3D NiMn/Ti catalysts in 0.5 M H2SO4 solution at a potential 
scan rate of 10 mV s−1 and 25 °C temperature (a). with corresponding extracted Tafel plots (b) and 
required overpotentials to reaching the current densities of 10, 20 and 50 mA cm−2 (c). 
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Figure 4. HER polarization curves of 3D NiMn/Ti catalysts in 0.5 M H2SO4 solution at a potential
scan rate of 10 mV s−1 and 25 ◦C temperature (a). with corresponding extracted Tafel plots (b) and
required overpotentials to reaching the current densities of 10, 20 and 50 mA cm−2 (c).

The polarization curves were then used for constructing the Tafel plots and calculating
the Tafel slopes. The lowest Tafel slope value of 102 mV dec–1 was found for NiMn/Ti-5
electrocatalyst. Higher values of 114, 110, 141, and 139 mV dec–1 were determined at
NiMn/Ti-4, NiMn/Ti-3, NiMn/Ti-2 and NiMn/Ti-1, respectively (Figure 4b and Table 4).
The overpotentials required to reach current density of 10 mA cm−2 for all catalysts were
shown in Figure 4c and Table 4 and all values followed the similar lowering order likewise
as alkaline media from NiMn/Ti-1 to NiMn/Ti-5 catalysts.

Table 4. Electrochemical parameters of the investigated catalysts toward HER in acidic media.

Catalysts j (mA cm−2)
at 25 ◦C

j (mA µg−1)
at 25 ◦C

η10 (mV)
at 25 ◦C

Tafel Slope
(mV dec−1)

Mn/Ti 108.67 5.05 517.6 168

Ni/Ti 201.13 0.67 268.3 156

NiMn/Ti-1 253.59 2.54 243.1 139

NiMn/Ti-2 293.17 1.76 220.5 141

NiMn/Ti-3 286.79 0.77 177.7 110

NiMn/Ti-4 303.79 0.37 160.1 114

NiMn/Ti-5 344.59 0.28 102.1 102

3.3. Electrocatalytic Activity towards OER

The electrocatalytic OER performance of fabricated 3D bimetallic NiMn/Ti catalysts
was also thoroughly investigated in the alkaline (1.0 M KOH) electrolyte. The polarization
curves were recorded in 1.0 M KOH solution at a potential scan rate of 10 mV·s–1 from
OCP up to 2.068 V (vs. RHE) in the temperature range of 25–75 ◦C (Figure 5). The current
densities increased ca. 1.77–2.21 times within this investigated range of temperature
and it was observed that NiMn/Ti-1 exhibits much higher OER activity, needing a low
overpotential of 356.3 mV at 10 mA cm−2 as compared to the NiMn/Ti-2 (361.4 mV) and
NiMn/Ti-3 (371.4 mV) catalysts.
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tial scan rate and a temperature range from 25 up to 75 °C. 

Figure 6a demonstrates the OER activity of all fabricated catalysts at 25 °C and it was 
observed that the catalysts prepared via alloying Ni to Mn with different proportion ratios 
notably prompt to enhance their electrocatalytic activity. The achieved overpotentials 
value at 10 mA cm−2 (η10) of the prepared NiMn/Ti catalysts were remarkably reduced 
from Ni/Ti (449.5 mV) and Mn/Ti (671.1 mV) samples. 

Figure 5. OER polarization curves of 3D NiMn/Ti catalysts in 1 M KOH solution at 10 mV s−1

potential scan rate and a temperature range from 25 up to 75 ◦C.

Figure 6a demonstrates the OER activity of all fabricated catalysts at 25 ◦C and it was
observed that the catalysts prepared via alloying Ni to Mn with different proportion ratios
notably prompt to enhance their electrocatalytic activity. The achieved overpotentials value
at 10 mA cm−2 (η10) of the prepared NiMn/Ti catalysts were remarkably reduced from
Ni/Ti (449.5 mV) and Mn/Ti (671.1 mV) samples.
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Figure 6. OER polarization curves at 25 °C temperature (a) with corresponding extracted Tafel plots 
(b) and required overpotentials to reaching the current densities of 10, 20 and 50 mA cm−2 (c). 
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als (Ni and Mn) via electrodeposition process and enriched the total metal loadings. 
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The OER LSVs at 25 ◦C were then further used for constructing the Tafel plots and
calculating the Tafel slopes. The Tafel slope for NiMn/Ti-1 was 93 mV dec–1, which is lower
than NiMn/Ti-2 (173 mV dec–1), NiMn/Ti-3 (136 mV dec–1) and NiMn/Ti-5 (119 mV dec–1)
(Figure 6b and Table 5).

Table 5. Electrochemical parameters of the investigated catalysts toward OER in alkaline media.

Catalysts
j (mA cm−2) in Different Temperatures (◦C) at 2.068 V j (mA µg−1)

at 25 ◦C
η10 (mV)
at 25 ◦C

Tafel Slope
(mV·dec−1)25 35 45 55 65 75

Mn/Ti 21.64 - - - - - 1.0 671.1 123

Ni/Ti 80.89 - - - - - 0.27 449.5 111

NiMn/Ti-1 143.54 177.03 188.96 216.81 253.04 316.7 1.44 356.3 93

NiMn/Ti-2 138.28 170.03 195.53 232.16 262.74 289.38 0.83 361.4 173

NiMn/Ti-3 133.94 148.77 172.7 198.04 223.88 249.68 0.36 371.4 136

NiMn/Ti-4 126.97 140.93 160.16 181.08 202.56 224.84 0.15 386.6 93

NiMn/Ti-5 121.35 134.16 153.26 172.24 194.09 219.53 0.1 404.2 119

Moreover, the overpotentials to reach current densities of 10, 20 and 50 mA cm−2

at 25 ◦C were also shown in Figure 6c and Table 5 and the η10, η20 and η50 values have
found to follow a sequential upward order from NiMn/Ti-1 to NiMn/Ti-5 catalysts. For
instance, the η10, η20 and η50 values were 356.3 mV, 401.7 mV and 514.9 mV for NiMn/Ti-
1 as compared to 404.2 mV, 452 mV and 572.9 mV for NiMn/Ti-5, respectively, which
certainly indicate the superior catalytic activity and favorable OER kinetics of NiMn/Ti-1
over the NiMn/Ti-5 electrocatalyst. A recent study also revealed that the OER performance
of Nix|Mn1-xO/CNTs electrocatalysts is significantly dependent on the content ratios of Ni
and Mn. When the content of Mn element was more than 17%, the overpotential of catalyst
increases, i.e., lowering Mn content notably improved the OER activity [74].

Furthermore, in order to compare the electrocatalytic activity of the prepared 3D
bimetallic NiMn/Ti catalysts, 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 25 ◦C temperature (Tables 3–5). The highest mass electrocatalytic activity
has been exhibited by NiMn/Ti-1 catalyst for HER in both acidic (2.54 mA µg−1) and
alkaline (0.51 mA µg−1) media as well as for OER in alkaline (1.44 mA µg−1) media with
minimum metal loading of 99.98 µg cm−2. It is worth mentioning that the mass activity of
catalysts for both HER and OER has gradually declined with increase of Mn-loadings on
prepared catalysts as higher Mn-concentration in coating bath favors the alloying of metals
(Ni and Mn) via electrodeposition process and enriched the total metal loadings.

3.4. Electrocatalytic Stability Studies for HER and OER

To investigate the practical application and efficiency of any fabricated electrocatalysts,
the desired electrocatalytic performance is not sufficient enough, and in addition, the
electrocatalytic activity must be sustainable as long-term stability directly determines
whether the materials can be developed for practical applications. Electrocatalytic stability
is also directly related to the lifetime of the electrodes that regulates the production cost
of hydrogen.

As the above mentioned investigations in alkaline and acidic media revealed that
prepared bimetallic NiMn/Ti-5 electrocatalyst has excellent HER catalytic activity in both
electrolytes and fabricated NiMn/Ti-1 electrocatalyst exhibits superior OER performance in
alkaline media, thus in this section, the electrocatalytic stability of these two electrodes was
investigated using different electrochemical methods. At first, the electrocatalytic durability
was studied by Chronopotentiometry (CP) for 10 h. CP investigations were performed in
1.0 M KOH at a current density of 10 mA cm−2 at 25 ◦C (Figure 7).
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Figure 7. CP curves in 1.0 M KOH solution at a constant current density of 10 mA cm−2 at 25 °C of 
the investigated NiMn/Ti-5 for HER (a) and NiMn/Ti-1 for OER (b) electrocatalysts. 

It was observed that the potential of ca. 115 mV of NiMn/Ti-5 as HER electrocatalyst 
(Figure 7a) and of ca. 335 mV of NiMn/Ti-1 as OER electrocatalyst (Figure 7b) was 
achieved at current density of 10 mA cm−2. The CP curves did not deteriorate significantly 
after 10 h continuous HER and OER electrolysis at a static current density of 10 mA cm−2, 
proving their good electrocatalytic stability for HER and OER in an alkaline environment. 
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and 1.818 V (vs. RHE) at 25 °C for the NiMn/Ti-5 and NiMn/Ti-1 electrocatalysts, respec-
tively (Figure 8). 

Figure 7. CP curves in 1.0 M KOH solution at a constant current density of 10 mA cm−2 at 25 ◦C of
the investigated NiMn/Ti-5 for HER (a) and NiMn/Ti-1 for OER (b) electrocatalysts.

It was observed that the potential of ca. 115 mV of NiMn/Ti-5 as HER electrocatalyst
(Figure 7a) and of ca. 335 mV of NiMn/Ti-1 as OER electrocatalyst (Figure 7b) was achieved
at current density of 10 mA cm−2. The CP curves did not deteriorate significantly after 10 h
continuous HER and OER electrolysis at a static current density of 10 mA cm−2, proving
their good electrocatalytic stability for HER and OER in an alkaline environment.

Additionally, the electrocatalytic stability of these two catalysts has been examined by
CA as well. CA investigations were carried out in 1.0 M KOH at −0.232 V (vs. RHE) and
1.818 V (vs. RHE) at 25 ◦C for the NiMn/Ti-5 and NiMn/Ti-1 electrocatalysts, respectively
(Figure 8).
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Figure 8. CA curves of the investigated NiMn/Ti-5 (a) and NiMn/Ti-1 (b) electrocatalysts in 1.0 M KOH
solution at 25 ◦C at the potential values of −0.232V (vs. RHE) and 1.818 V (vs. RHE), respectively.

In this test, the electrocatalytic durability of both catalysts was studied by constant
applied potential to the electrode and then the current density was monitored over time.
After 10 h of investigation, approx. 6% degradation of current density was observed for
NiMn/Ti-5 catalyst and the NiMn/Ti-1 catalyst has found to retain more than 92% of
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its current, indicating their quite reasonable electrocatalytic stability in alkaline media as
cathodic and anodic materials, respectively.

A comparison of HER and OER performance using herein-tested NiMn/Ti catalysts
with some of the transition metal-based electrodes reported in the literature (Tables 6 and 7)
demonstrates that these bimetallic catalysts exhibit comparable overpotentials and Tafel
slopes for HER and OER.

Table 6. Electrochemical performance of herein tested catalysts towards HER in alkaline and acidic
media with comparison of transition metal-based electrodes reported in the literatures.

Catalysts Overpotential@Current
Density (mV@mA cm−2) Tafel Slope (mV dec−1) Temperature

(◦C) Electrolyte Ref.

Ni-Mn/Cu 101@10 118 - 1 M KOH [28]Ni-Fe-Mn/Cu 64@10 68

Ni-Fe/NF 142@10 133.3 - 1 M KOH [52]

Ni1Mn1P 160@10 109
- 1 M KOH [70]Ni2Mn1P 120@10 82

Ni3Mn1P 140@10 93

Mn-doped Ni2P 160@10 124.27
- 1 M KOH [75]Mn-doped Fe2P 136@10 142.34

Mn-doped Ni2P/Fe2P 90@10 115.41

Mn-Ni(OH)2 197@10 134.5
- 1 M KOH [76]NiSx 172@10 111.9

Mn-NiSx 94.2@10 71.5

Ni-Fe/Cu 124@10 114 - 1 M KOH [77]

(Co,Fe)PO4 122@10 71 - 1 M KOH [78]

NiFe10Se10@NF 154@10 129.3 - 1 M KOH [79]

FeSe2-MoSe2(1-1)/rGO 178@10 80 1 M KOH [80]

Ni–Mo/WC 3 134@10 163 25 1 M KOH [81]

Ni-Co-Se@NiCo-LDH/NF 189@10 124.09 - 1 M KOH [82]Ni-Co-Fe-Se@NiCo-LDH/NF 113@10 44.87

NC-1@CoO/NF 241@10 155

- 1 M KOH [83]
NC-2@CoO/NF 139@10 96
NC-3@CoO/NF 192@10 189
NC-4@CoO/NF 196@10 141

NiMo/FTO 154@10 152 25 1 M KOH [84]

W2C@CNT 125@10 104 - 1 M KOH [85]Mo2C@CNT 118@10 92

Ni-GF/VC 128@10 80 - 1 M KOH [86]Ni-GF/Fe3C 93@10 63

NiMn/Ti-1 220.3@10 177

25 1 M KOH This
work

NiMn/Ti-2 195.1@10 194
NiMn/Ti-3 149.8@10 199
NiMn/Ti-4 144.8@10 192
NiMn/Ti-5 127.1@10 184

NiMn/Ti-1 243.1@10 139

25
0.5 M

H2SO4

This
Work

NiMn/Ti-2 220.5@10 141
NiMn/Ti-3 177.7@10 110
NiMn/Ti-4 160.1@10 114
NiMn/Ti-5 102.1@10 102
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Table 6. Cont.

Catalysts Overpotential@Current
Density (mV@mA cm−2) Tafel Slope (mV dec−1) Temperature

(◦C) Electrolyte Ref.

NiMo/FTO 140@20 118 25 0.5 M
H2SO4

[84]

W2C@CNT 155@10 85 - 0.5 M
H2SO4

[85]Mo2C@CNT 121@10 77

Ni-GF/VC 111@10 86 - 0.5 M
H2SO4

[86]Ni-GF/Fe3C 112@10 97

Mo2C-RGO (3.0 wt %) 125@10 89 25 0.5 M
H2SO4

[87]

Mo2C P/Mo2C F 118@10 48.6 - 0.5 M
H2SO4

[88]

Ni-Pt nanofilm 90@10 49 25 0.5 M
H2SO4

[89]

MoP 115@10 87
- 0.5 M

H2SO4
[90]FeS-MoP 89@10 70

MnS-MoP 88@10 68

Mo2N-Mo2C/NC 114@10 62 - 0.5 M
H2SO4

[91]

NF—nickel foam, rGO—reduced graphene oxide, WC—tungsten carbide, CNT—carbon nanotube, LDH/NF—
Layered double hydroxide/nickel foam, FTO—F-doped SnO2, Ni-GF—Ni foam coated with graphene, F—
microflower, NC—N-doped carbon framework.

Table 7. Electrochemical performance of herein tested catalysts towards OER in alkaline media with
comparison of transition metal-based electrodes reported in the literatures.

Catalysts
Overpotential@Current

Density (mV@mA
cm−2)

Tafel Slope (mV
dec−1) Electrolyte Ref.

CoNi2S4 (GCN)30/NF 340@30 93.21
1.0 M KOH [48]CoNi2S4 (GCN)50/NF 310@30 49.86

CoNi2S4 (GCN)100/NF 350@30 109.01

NMF-6 (Ni52.3Mo37.4Fe10.2) 344@10 - 1.0 M KOH [54]

Ni1Mn1 LDH 420@10 41
1.0 M KOH [64]Ni3Mn1 LDH 350@10 40

Ni5Mn1 LDH 390@10 40

NiMn LDH/NiCo2O4 310@10 99 1.0 M KOH [67]

Ni-Mn LDH 385@10 80
1.0 M KOH [68]21.1% Co-doped Ni-Mn LDH 310@10 59

Ni1Mn1P 250@20 63
1.0 M KOH [70]Ni2Mn1P 340@20 93

Ni3Mn1P 330@20 89

Ni0.95|Mn0.05O/CNT 293@10 55.6
1.0 M KOH [74]Ni0.83|Mn0.17O/CNT 316@10 63.5

NC-1@CoO/NF 340@10 93

1.0 M KOH [83]
NC-2@CoO/NF 290@10 82
NC-3@CoO/NF 335@10 127
NC-4@CoO/NF 370@10 91
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Table 7. Cont.

Catalysts
Overpotential@Current

Density (mV@mA
cm−2)

Tafel Slope (mV
dec−1) Electrolyte Ref.

Ni1.5Co1.5P/MF 314@10 71
1.0 M KOH [92]Ni2Co1P/MF 342@10 83

Ni1Co2P/MF 387@10 114

Ni3S2/NF 362@10 56.5
1.0 M KOH [93]Cu2S-Ni3S2/NF 329@10 44.11

MCS@a-Ni3S2 333@10 150.1 1.0 M KOH [94]

Ni3S2@3-D GNs 305@10 50 1.0 M KOH [95]

NiMn/Ti-1 356.3@10 93

1.0 M KOH at 25 ◦C This
work

NiMn/Ti-2 361.4@10 173
NiMn/Ti-3 371.4@10 136
NiMn/Ti-4 386.6@10 93
NiMn/Ti-5 404.2@10 119

GCN/NF—graphitic carbon nitride/nickel foam, LDH—layered double hydroxide, MF—microflower, MCS@a-
Ni3S2—Mn-Cd-S@amorphous-Ni3S2, 3-D GNs—3-D graphene nanosheets, CNT—carbon nanotube.

4. Conclusions

In summary, a set of self-supported three-dimensional bimetallic NiMn alloy catalysts
with various Ni:Mn molar ratios have been successfully synthesized through electrochemi-
cal deposition technique and their electrocatalytic activity for HER and OER was studied.
The surface morphology demonstrates a unique 3D porous architecture that could avail nu-
merous active sites and channels for electrolyte/gas diffusion. Electrochemical performance
results manifested that the amalgamation of Mn element with Ni remarkably enhanced the
electrocatalytic activity of the catalysts for HER and OER. The NiMn/Ti-5 electrocatalyst
exhibited excellent HER activity with a low overpotential of 102.1 mV in acidic media
and 127.1 mV in alkaline media to generate current densities of 10 mA cm−2, respectively.
On the contrary, NiMn/Ti-1 electrocatalyst with least Mn-content exhibits superior OER
activity with a small overpotential of 356.3 mV to reach 10 mA cm−2. Furthermore, the
present electrocatalysts also demonstrated outstanding electrocatalytic long-term durability
in an alkaline environment as the recorded potentials did not change significantly after
10 h continuous HER and OER electrolysis at a constant current density of 10 mA cm−2.

This work tends to highlight the fabrication of Mn-containing bimetallic alloy catalysts
as well as prioritize to increase the electrochemical active surface area of catalysts via 3D
structure formation. The intrinsic activity of these 3D alloy catalysts will provide a strong
guide for manufacturing bifunctional electrocatalysts for water splitting application with
excellent comprehensive performance and the synergistic effects between transition elements
may surpass the heteroatom doping strategy for enhancing the electrocatalytic performance.
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A B S T R A C T

In this paper, we report an inexpensive one-step synthesis of self-supported 3D nickel-manganese (NiMn)
bimetallic coatings and their application for the hydrogen evolution reaction in simulated seawater (1 M KOH +
0.5 M NaCl) and alkaline natural seawater (1 M KOH + natural seawater). These binary coatings were elec-
trodeposited on a titanium substrate using a facile electrochemical deposition method by a dynamic hydrogen
bubble template technique. The as-deposited NiMn coatings with variable Mn amounts produce typical globular
and unique porous architecture with abundant pores of different sizes. The activity of these fabricated catalysts
towards the hydrogen evolution reaction was investigated by linear sweep voltammetry towards simulated
seawater and alkaline natural seawater at different temperatures. The surface morphology and composition of
the catalysts were also characterized by scanning electron microscopy and inductively coupled plasma optical
emission spectroscopy. The as-prepared NiMn/Ti electrocatalyst, which was electrodeposited using a chemical
bath containing Ni2+ and Mn2+ ions with a molar ratio of Ni2+:Mn2+ = 1:5, exhibits excellent hydrogen evo-
lution activity in simulated seawater with an ultra-low overpotential of 64.2 mV to reach a current density of 10
mA cm�2. It is noteworthy that this NiMn/Ti electrocatalyst also achieves a current density of 10 mA cm�2 in
alkaline natural seawater with a comparably low overpotential of 79.3 mV. The current densities increase by ca.
1.75–2.35 times with an increase in temperature from 25 ◦C to 75 ◦C for hydrogen evolution in both electrolytes.
This bimetallic catalyst has shown excellent long-term stability at a constant potential of �0.23 V (vs. RHE) and a
constant current density of 10 mA cm�2 for 10 h, which ensures higher durability and robustness for practical
application of seawater splitting technology.

1. Introduction

The ever-increasing population growth and industrialization,
together with the resulting depletion of natural resources and the
alarming threat of a global environmental crisis, constrain us to explore
green and sustainable alternatives to replace fossil fuels [1–6]. In order
to address the global energy crisis and consider environmental chal-
lenges for sustainability, contemporary research and development
mostly emphasizes on sustainable energy conversion and storage tech-
nologies. In this aspect, hydrogen (H2) has received tremendous atten-
tion in recent decades as an environmentally friendly and sustainable
energy carrier with high energy density (142.35 MJ kg�1), abundant
elemental abundance on Earth, and carbon-free emission during the

combustion process [7–10]. Green H2 production from water electrol-
ysis powered by renewable sources, such as wind, solar, geothermal, and
bioenergy, can be considered as a promising alternative to traditional
hydrocarbon fuels in the future for large-scale production of high-purity
H2 with zero carbon emissions [11–15]. According to the International
Renewable Energy Agency (IRENA), the total H2 feedstock market is
estimated to be worth $115 billion and the market value would increase
up to $155 billion by 2022, but unfortunately more than 95% of current
H2 production is based on fossil fuels (steam methane reforming, oil and
coal gasification, etc.) and only ca. 4% of the global H2 supply is pro-
duced by electrolysis [16–18].

To achieve global targets for carbon neutrality and to outperform
traditional petrochemical techniques in terms of renewable
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compatibility, electrochemical water splitting is one of the most benign
approaches to H2 production, consisting of two half-reactions: the
cathodic H2 evolution reaction (HER) and the anodic oxygen evolution
reaction (OER) [19–26]. The overall electrocatalytic water splitting
under standard conditions is a thermodynamically unfavourable uphill
reaction that requires some external energy, namely overpotential. The
sluggish kinetics of OER due to its inherent four-electron coupling pro-
ton transfer steps (1.23 V vs. RHE), which contribute to relatively higher
overpotentials, is considered to be the bottleneck for the overall elec-
trochemical water splitting. Practical, real-world water splitting can
only occur by overcoming this barrier [27–30]. The water electrolysis
process requires a minimum energy of 39.4 kWh kg�1 to produce H2 at
100% efficiency, while a typical electrolyzer consumes up to 50 kWh to
produce 1 kg of H2, although higher efficiencies can be achieved under
extreme pressure and temperature conditions [31]. Therefore, extensive
efforts have been made over the past decades to develop highly efficient,
stable HER and OER electrocatalysts for alkaline water electrolyzers
using freshwater as the primary H2 resource.

The availability of global freshwater sources is also very limited and
large-scale commercial H2 production by water splitting consumes
scarce freshwater resources, which account for only 2.5% of the world’s
total water resources. Thus, large-scale freshwater electrolysis would
place a critical burden on vital freshwater resources in the context of
gradually increasing population growth and industrial sustainability
[32–34]. Compared to freshwater, seawater is the most abundant water
source on the planet, accounting for ~96.5% of the world’s total water
resources. Using abundant seawater as an electrolyte instead of fresh-
water is not only the most promising strategy for sustainable H2 pro-
duction, but also reduces the overall production cost [35,36]. The high
ionic conductivity of seawater (33.9 mS cm�1 at 25 ◦C), which is
equivalent to 0.5 M NaCl solution, can also play an advantageous role by
reducing the use of additional acid and alkali for electrolysis [36–38].

Despite the abundant availability of seawater on our planet,
industrial-scale production of high-purity H2 from direct or selective
electrolytic splitting of seawater remains a major challenge, in particular
the chlorine evolution reaction (CER) and the formation of hypochlorite
(ClO�) at the anode compete with the OER, resulting in low anode
current efficiency. Chlorine electro-oxidation is a complicated reaction
that depends on many factors, such as electrolyte pH, temperature,
applied potential, and many others [39]. The Pourbaix diagram for the
artificial seawater model at standard ambient temperature and chloride
concentration of 0.5 M (similar to typical seawater) shows that at pH
0 the potential difference for chlorine and oxygen evolution is 130 mV,
whereas at pH above 7.5 the potential difference is 480 mV. Since the
potential difference between CER and OER is only 480 mV, hypochlorite
(ClO�) formation via chloride (Cl�) oxidation could become the main
reaction as shown in Eq. (1) [39,40].

Cl� + 2OH� → ClO� + H2O + 2e� (E0 = +0.89 V vs. SHE; pH 14) (1)

Furthermore, the natural presence of abundant aggressive chloride
(Cl�) ions (~0.5 M) is also highly corrosive to transition metal elec-
trocatalysts, and the presence of unavoidable interfering ions (Na+,
Ca2+, Mg2+, Br2�, and SO42�), as well as impurities, microorganisms, and
small particles in seawater cause poisoning and corrosion of the

electrode and significantly reduce the catalytic performance and dura-
bility of the electrocatalyst [41–48]. The commercialization prospect of
seawater splitting is negatively affected by the formation of insoluble
precipitates, such as Ca(OH)2, Mg(OH)2, etc. on the electrode surface,
blocking the active sites [49–55]. The filtration and pre-treatment of
natural seawater would be very effective in improving the performance
and durability of seawater electrolysis. Thus, the design and fabrication
of highly efficient and robust electrocatalysts with high corrosion
resistance, high catalytic activity, and long-term stability for natural
seawater splitting remains a challenge.

Currently, Pt and Pt-based materials are known as state-of-the-art
HER electrocatalysts, although their high cost, natural scarcity, and
long-term instability limit their economic feasibility. Non-noble metal
bifunctional electrocatalysts could be a pathfinder for practical appli-
cations of both reactions by reducing the cost of water splitting for large-
scale applications [56–59]. Many low-cost bifunctional electrocatalysts,
synthesized by various methods, have been investigated and reported
for freshwater/seawater electrolysis, demonstrating excellent catalytic
performance and long-term stability. Among them, electrocatalysts
synthesized by the electrodeposition method have some exceptional
feathers, such as large electrochemically active surface area and strong
corrosion resistance of the catalysts, together with a simple, low-cost,
and controlled approach to develop binder-free electrodes at ambient
temperature, minimizing the cost of high temperature and time [60–64].
In addition to its simplicity and controllability, this strategy also allows
the direct growth of materials in size and structure on the substrates,
which can be achieved by optimizing conditions such as deposition time,
deposition potential, and precursor concentrations [65,66]. For
example, Yuan et al. synthesized two hybrid NiMo films on nickel foam
using different electrolytes with ultra-low overpotentials of 36.8 and
31.8 mV to reach a current density of 10 mA cm�2 in alkaline (1 M KOH)
and simulated seawater (1 M KOH+0.5 M NaCl) media, respectively
[67]. These fabricated catalysts also achieved a lower cell voltage of
only 1.563 V to reach the current density of 10 mA cm�2 at room tem-
perature in simulated seawater [67]. Liu et al. studied Fe(OH)3/MoNiOx
and Mo0.84Ni0.16/MoNiOx electrocatalysts that required only 1.54 V and
1.575 V to drive the current density of 10 mA cm�2 in 1 M KOH and 1 M
KOH + seawater, respectively [68]. The elegance of this work is the
remarkable stability over 120 h at 100 mA cm�2 in both electrolytes.
Vijayapradeep et al. reported a noble Pt-carbon core-shell coated
CoMo2S4 electrocatalyst that showed excellent electrochemical HER
performance in alkaline media, requiring an overpotential of only 27mV
to achieve the benchmark current density of 10 mA cm�2 [69]. Ac-
cording to the literature, as mentioned above, metal alloy electrodes
fabricated by electrodeposition technique have excellent stability and
very low overpotential for seawater splitting.

Our previous publication showed that these 3D bimetallic NiMn
coatings electroplated on Ti substrate have efficient bifunctional activity
with comprehensive HER performance and long-term durability for
freshwater splitting in both alkaline and acidic media [70]. They are
potential candidates with the added advantage of low fabrication cost.
As it has been shown that binary, ternary, or multimetallic coatings have
high efficiency for water splitting reactions as electrocatalysts [71], it
was therefore decided to continue the scientific investigation focusing

Table 1
The composition of the plating bath with plating condition parameters.

Catalysts Concentration (M) Plating conditions

NiSO4.6H2O MnCl2.4H2O (NH4)2SO4 H3BO3 Parameters Values

NiMn/Ti-3 0.2 0.6 0.5 0.3 Current densities 50 mA cm�2

500 mA cm�2

NiMn/Ti-4 0.2 0.8 0.5 0.3 Time 3 min
NiMn/Ti-5 0.2 1.0 0.5 0.3 Temperature 25 ◦C

pHa ~1

a 1.5 M H2SO4 and 1 M HCl.
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Fig. 1. (a) The schematic illustration of the preparation route of NiMn/Ti electrocatalysts. SEM views of bimetallic NiMn/Ti catalysts obtained in the plating so-
lution, then the molar ratio of Ni2+:Mn2+ was equal to 1:3 (b), 1:4 (c), and 1:5 (d), along with elemental mapping for Ni, Mn and Ti (b’-d’).
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on these bifunctional electrocatalysts to investigate their electro-
catalytic performance and long-term durability for HER in simulated
seawater (SSW) and alkaline natural seawater (ASW).

2. Materials and method

Chemicals. Titanium foil (thickness 0.127 mm, 99.7% purity) and
stainless steel foil (thickness 0.2 mm, type 304) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA) and Alfa Aesar (Karlsruhe, Ger-
many, GmbH & Co.) suppliers, respectively. Nickel sulfate hexahydrate
(NiSO4. 6H2O, >98%), manganese chloride tetrahydrate (MnCl2. 4H2O,
>99%), ammonium sulfate ((NH4)2SO4, >99%), boric acid (H3BO3,
>99.5%), H2SO4 (96%), HCl (35–38%), and KOH (98.8%) were pur-
chased from Chempur Company (Karlsruhe, Germany). Ultrapure water
with a resistivity of 18.2 MΩ cm was used for the preparation of the

solutions. Natural seawater was collected from the Baltic Sea in the
Klaipėda coastal region of Lithuania. All chemicals were of analytical
grade and were used directly without further purification.

Fabrication of catalysts. In this study, the catalysts were fabricated by
a facile, low-cost electrochemical deposition method using a dynamic
hydrogen bubble template technique. The Ti sheets (1× 1 cm) were first
degreased with ethanol, followed by their activation and removal of
possible oxides/hydroxides by pre-treatment in diluted H2SO4 (1:1 vol)
at 70 ◦C. The Ti sheets were then rinsed with distilled water and
immersed in the plating bath. The composition of the plating bath and
the electroplating conditions are given in Table 1. The plating bath used
consisted of NiSO4 and MnCl2, serving as sources of nickel (Ni2+) and
manganese (Mn2+) ions, respectively. In addition, (NH4)2SO4 was used
as a modifier of the coating morphology, while H3BO3 acted as a pH
stabilizer. The concentrations of NiSO4, (NH4)2SO4, and H3BO3 were

Table 2
The ICP-OES results of the studied electrocatalysts.

Catalyst Ni loading (μgNicm�2) Mn loading (μgMncm�2) Total metal loading (μgmetalcm�2) Wt.%

Ni Mn

NiMn/Ti-3 269.7 105.25 374.95 71.93 28.07
NiMn/Ti-4 448.45 374.4 822.85 54.49 45.51
NiMn/Ti-5 538 685.5 1223.5 43.97 56.03

Fig. 2. HER polarization curves of 3D NiMn/Ti catalysts in SSW at 10 mV s�1 potential scan rate and 25–75 ◦C temperature range (a), at only 25 ◦C temperature (b)
with corresponding extracted Tafel plots (c) and required overpotentials to reaching the current densities of 10, 20 and 50 mA cm�2 (d).

Table 3
Summarized electrochemical data of the investigated catalysts toward HER in simulated seawater.

Catalysts j (mA cm�2) at different temperatures (◦C) at �0.43 V(vs. RHE) η10 (mV) at 25 ◦C Tafel slope (mV dec�1)

25 35 45 55 65 75

NiMn/Ti-3 71.95 79.13 92.69 108.1 117.72 130.3 139.7 194
NiMn/Ti-4 76.12 92.08 109.69 127.8 145.78 165.61 79.3 200
NiMn/Ti-5 77.49 93.78 117.4 144.97 164.2 182.41 64.2 214
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kept constant, while the concentration of MnCl2 was varied (Table 1).
All reagents were dissolved in distilled water under acidic conditions
(1.5 M H2SO4 and 1 M HCl).

A two-electrode cell with a pair of stainless steel sheets (40 × 25 ×
0.2 mm) as the anode and Ti as the cathode was used to electrochemi-
cally deposit 3D bimetallic NiMn on the Ti surface. The plating bath was
operated at 25 ◦C. NiMn electroplating on Ti was carried out at the
applied current density of 50 mA cm�2 for 3 min and 500 mA cm�2 for
another 3 min. After plating, the obtained NiMn/Ti electrocatalysts were
removed, thoroughly rinsed with deionized water, air-dried at room
temperature, and carefully stored for future investigations.

Characterization of Catalysts. The morphology and composition of the
prepared Ni/Ti and NiMn/Ti catalysts were investigated by scanning
electron microscopy (SEM) using an SEMworkstation TM4000 Plus with
an AZetecOne detector (Hitachi, Tokyo, Japan).

The metal loadings were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES) analysis. The ICP-OES spectra
were recorded using an Optima 7000DV spectrometer (PerkinElmer,
Waltham, MA, USA) at wavelengths of λNi 231.604 nm and λMn 257.610
nm.

Electrochemical Measurements. The electrocatalytic performance of
fabricated bimetallic nickel-manganese electrocatalysts towards HER
was evaluated by linear sweep voltammetry (LSV) using a PGSTAT302
potentiostat (Metrohm Autolab B.V., Utrecht, The Netherlands) through
electrochemical software (Nova 2.1.4). The LSVs were recorded in Ar-
saturated Simulated Seawater (1 M KOH + 0.5 M NaCl, SSW) and
Alkaline Seawater (1 M KOH + natural seawater, ASW) at temperatures
ranging from 25 ◦C to 75 ◦C.

A standard three-electrode electrochemical cell was used throughout
the performance study, with the fabricated NiMn/Ti electrocatalysts
with a geometric area of 2 cm2 as working electrodes, a graphite rod as
counter electrode, and a saturated calomel electrode (SCE) was used as
reference. All potentials in this work were converted to the reversible
hydrogen electrode (RHE) scale using the following equation:

ERHE = ESCE + 0.242 V + 0.059 V × pHsolution (2)

The HER polarization curves were recorded in both working elec-
trolytes from the open circuit potential (OCP) to �0.43 V (vs. RHE) at a
potential scan rate of 10 mV s�1. Moreover, the long-term stability of the
fabricated NiMn/Ti-5 electrocatalyst was evaluated by recording the
chronopotentiometry (CP) curves at a constant current density of 10 mA
cm�2 and the chronoamperometry (CA) curves at a constant potential of
�0.23 V (vs. RHE) for 10 h in SSW and ASW.

3. Results and discussion

Microstructure and Morphology Studies. As shown schematically in
Fig. 1a, these 3D bimetallic NiMn/Ti electrocatalysts were synthesized
via a facile one-step electrodeposition method using a dynamic
hydrogen bubble template technique. The surface morphology of the
fabricated catalysts was investigated by scanning electron microscopy
(SEM), as depicted in Fig. 1 (b) NiMn/Ti-3, (c) NiMn/Ti-4, and (d)
NiMn/Ti-5. The top side view of the NiMn/Ti-3 catalyst demonstrates an
uneven, rough morphology because the NiMn coatings were electro-
deposited on the Ti substrate by dynamic hydrogen bubble templating
from an aqueous solution containing Ni2+ andMn2+ ions in a molar ratio
of 1:3 (Fig. 1b). As the NiMn films were deposited under acidic condi-
tions to ensure the generation of vigorous hydrogen bubbles, the
deposited Ni and Mn particles in the coating from the plating bath using
a Ni2+:Mn2+ molar ratio of 1:4 started to agglomerate by forming
smaller nodule-like structures covering the surface of the substrate as
shown in Fig. 1c. Of course, the catalysts were synthesized using
different chemical bath compositions with the Ni2+:Mn2+ molar ratios
increasing in a sequential order (from 1:3 up to 1:5); meanwhile, it was
observed that the cell voltage during the electrodeposition also
increased accordingly. As a consequence, the nodule size increased and
the catalyst (herein denoted to NiMn/Ti-5, according to the bath

Table 4
Comparison of the HER performance of as-synthesized electrocatalyst in simulated seawater electrolytes with other non-noble metal electrodes reported in the
literature.

Catalysts Overpotential@Current density (mV@mA cm�2) Tafel slope (mV dec�1) Ref.

NiMn/Ti-5 64.2@10 214 This work
NiFeP-NS 83@10 97 [43]
CoSx/CuSx/NF 113.2@10 218.7 [64]
NiPS/NF 177@100 – [66]
NiMo/NF (denoted as A3) 31.8@10 33.1 [67]
Mn-doped Ni2P/Fe2P 308@100 – [79]
FMCO/NF
Co3O4/NF

248@50
342@50

– [81]

Zn–NiCoP 160@10 132.86 [82]
NMN-NF
Ni3S2–NF

99@10
109@10

48
52

[83]

S–NiMoO4@NiFe-LDH 46@10
170@100

69 [84]

Ni@CNTs-MoxC/Ni2P 65.4@10 – [86]
Co–Ni–S/NF 239@20

291@50
137 [87]

Ti@NiB-1.5 h 149@10
219@25

118 [88]

NM/NCS/NS/NF 171@30
204@50

129 [89]

Co–P@NN 55@10
298@500

61.5 [90]

Ni–B@HP
Ni–B@NF

32@10
223@100
42@10
295@100

134.76
120.85

[91]

oct_Cu2O–NF 237@20 160 [93]
FeP@CoP/NF 147@50

197@100
– [96]

CoFeOF/NF 164@10 90.43 [97]

NS – Nanosheet, NF – Ni foam, LDH – Layered double hydroxide, NN – Nickel net, HP – Hydrophilic filter paper.
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composition of Ni2+:Mn2+molar ratio) was turned into a unique porous
architecture with an abundance of pores of distinctly different sizes by
the dynamic hydrogen bubble template technique (Fig. 1d) [72,73]. It is
expected that the presence of infinite pores of very large sizes on the
synthesized NiMn/Ti-5 electrocatalyst will increase the number of active
sites and thus facilitate the creation of more channels for electrolyte
diffusion, which will accelerate the efficiency of electron transport
[74–76]. The enlarged pictures of the EDS area show the elemental
composition and the presence of Ni, Mn, and Ti components on the
prepared electrodes, revealing a homogeneous dispersion of Ni and Mn
particles on the Ti surface in relation to their bath compositions in Fig. 1
(b’-d’). These observations verified that the nickel-manganese archi-
tecture uniformly covered the entire surface of the substrate.

The data from the ICP-OES analysis of the deposited NiMn binary
coatings are given in Table 2. These coatings were fabricated with
different molar proportions of Ni:Mn. The amount of Ni varies from ca.
44–72 wt% in the synthesized catalysts, while the amount of deposited
Mn is ca. 28–56 wt%. The total metal loadings were significantly
increased with a gradual increase of the Mn concentration in the coating
bath and varied from ca. 375 up to 1223.5 μgmetalcm�2.

3.1. Electrocatalytic performance for HER in simulated seawater

The HER electrocatalytic activity of synthesized electrodes was
investigated by the LSV method in an Ar-saturated simulated seawater

solution (a mixed solution of 1.0 M KOH and 0.5 M NaCl at pH 14, SSW).
The LSVs of the as-fabricated electrocatalysts were recorded in SSW at а
potential scan rate of 10 mV s�1 from open-circuit potential (OCP) to
�0.43 V (vs. RHE) in a temperature range from 25 ◦C up to 75 ◦C. To
check the repeatability, each electrode was prepared three times and the
LSVs were recorded for each electrode. Fig. 2a shows the corresponding
polarization curves of the fabricated 3D NiMn/Ti catalysts for HER in
SSW, where the catalytic activities were strongly affected by the
different molar ratios of Ni and Mn elements and the current density
increased by ca. 1.81–2.35 times with the temperature increase from 25
◦C up to 75 ◦C. The polarization curves of the fabricated NiMn/Ti-3,
NiMn/Ti-4, and NiMn/Ti-5 electrocatalysts recorded at 25 ◦C are
shown separately in Fig. 2b with their corresponding extracted Tafel
plots (Fig. 2c) and the overpotentials required to achieve the benchmark
current densities (Fig. 2d). The HER polarization curves shown in Fig. 2b
were used to extract the corresponding Tafel plots for the fabricated
electrodes. The Tafel slope is a key parameter in electrochemical kinetics
that reflects the rate-determining step of a reaction. For the hydrogen
evolution reaction (HER), the Tafel slope provides insight into the
mechanism of the reaction and the kinetics of the steps involved. As
shown in Fig. 2c, the Tafel slope values were found to be 194, 200, and
214 mV dec�1 for the prepared binary NiMn/Ti-3, NiMn/Ti-4, and
NiMn/Ti-5 electrocatalysts, respectively. In addition, the amplitude of
the overpotentials required to achieve current densities of 10, 20, and
50 mA cm�2 were plotted (Fig. 2d). As can be observed, the NiMn/Ti-5

Fig. 3. HER polarization curves of 3D NiMn/Ti catalysts in ASW at a potential scan rate of 10 mV s�1 and a temperature range of 25–75 ◦C (a), at a temperature of
only 25 ◦C (b) with corresponding extracted Tafel plots (c) and overpotentials required to reach the current densities of 10, 20 and 50 mA cm�2 (d).

Table 5
Summarized electrochemical data of the investigated catalysts toward HER in alkaline natural seawater.

Catalysts j (mA cm�2) at different temperatures (◦C) at �0.43 V(vs. RHE) η10 (mV) at 25 ◦C Tafel slope (mV dec�1)

25 35 45 55 65 75

NiMn/Ti-3 68.92 75.24 84.58 95.78 111.77 124.05 139.7 190
NiMn/Ti-4 77.21 87.19 97.15 108.26 121.7 137.22 89.4 213
NiMn/Ti-5 82.17 97.15 113.59 133.93 152.15 164.7 79.3 213
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electrocatalyst exhibits significantly enhanced HER activity with the
lowest required overpotential of 64.2 mV to achieve the current density
of 10 mA cm�2, outperforming those of 79.3 and 139.7 mV for the
NiMn/Ti-4 and NiMn/Ti-3 electrodes, respectively (Table 3). Notably
that NiMn/Ti-5 electrocatalyst exhibiting the small overpotential of
64.2 mV at the same current density corresponds to a larger Tafel slope
(214 mV dec�1) as compared with other caatalysts (Table 3). Typically,
lower Tafel slopes are associated with faster reaction kinetics and thus
higher activity. However, in some cases, the highest activity may
correlate with the highest Tafel slope for several potential reasons.
While a high Tafel slope generally indicates slower reaction kinetics, the
overall activity of a catalyst for the HER can still be high due to factors
such as surface properties, morphology, electronic effects, and mass
transport considerations.

The as-fabricated 3D bimetallic NiMn/Ti electrocatalysts, especially
NiMn/Ti-5, exhibited exceptional HER catalytic performance, which can
reasonably outperform many currently reported non-noble metal

electrocatalysts. The corresponding catalysts were also rationalised. The
high activity of the NiMn/Ti-5 electrocatalyst can be related to the
composition of the plating bath used for deposition as well as to the
surface morphology obtained. It is evident that increasing the Mn2+

concentration in the plating solution, while keeping the other reagents
and plating conditions the same, results in the deposition of a NiMn
coating with nodular porous structures with significantly different pore
sizes (Fig. 1d,d’) compared to the NiMn coating obtained from the
plating bath with the lowest Mn2+ concentration (Fig. 1 b,b’). It is ex-
pected that an uneven and rough morphology of NiMn/Ti-5 and the
presence of infinite pores of writ large sizes increases the number of
active sites and thus increase the electrochemically active surface area of
the catalyst, facilitates the creation of more channels for electrolyte
diffusion, which accelerates the efficiency of electron transport as well
as accelerating the adsorption of hydrogen atoms and making the
combination with free hydrogen atoms faster and smoother [77,78].
Ni–Mn alloying also improves the intrinsic activity by optimizing the
adsorption/desorption energy of intermediates in the HER process [79].

The obtained data mentioned above implies that the as-synthesized
NiMn/Ti electrocatalysts, especially NiMn/Ti-5 are among the best Ni-
based electrocatalysts for HER, as they outperform or are quite com-
parable to the latest non-precious metal-based HER catalysts in simu-
lated seawater (Table 4).

3.2. Electrocatalytic performance for HER in alkaline natural seawater

Direct electrolysis of natural seawater (pH ≈ 8.2) results in the
precipitation of various insoluble hydroxides, e.g., Mg(OH)2 and Ca
(OH)2 due to the reaction with OH� ions at the anode during electrol-
ysis. These precipitates are deposited on the electrode surface, resulting
in the blocking of active sites and consequently reducing the catalytic
performance and durability of electrocatalysts, causing poisoning and
corrosion. It is therefore essential to pre-treat these dissolved cations in
natural seawater before electrolysis with a higher pH electrolyte. Nat-
ural seawater (pH ≈ 8.2) collected from the Baltic Sea near the Klaipėda
coastal region of Lithuania was used, and 1.0 M equivalent solid KOH
pellets were dissolved in the measured volume of collected seawater to
convert it into the alkaline natural seawater electrolyte under investi-
gation. A cloudy white layer of insoluble Mg/Ca hydroxides precipitates
at the bottom of the volumetric flask overnight and is filtered off. The
resulting filtrate (here the alkaline seawater, ASW) with a pH of ca.13.85
was collected, and the as-synthesized NiMn/Ti electrocatalysts were

Table 6
A comparison of the HER performance of the as-synthesized electrocatalyst in
alkaline natural seawater electrolytes with other non-noble metal electrodes
reported in the literature.

Catalysts Overpotential@Current
density (mV@mA cm�2)

Tafel slope
(mV dec�1)

Ref.

NiMn/Ti-5 79.3@10 213 This work
NiPS/NF 188@100 – [66]
NiMoN 82@100 – [80]
FMCO/NF 250@50 – [81]
S–NiMoO4@NiFe-LDH 220@100 – [84]
Ni-WOx@NF 45.69@10 46 [85]

125.81@100
Ni@CNTs–MoxC/Ni2P 65.9@10 – [86]
Ni-SA/NC 139@10 123 [92]
Ni-NP/NC 151@10 201
CoZnLDH-Cu2SeS/NF 147@50 166.28 [94]

197@100
Mo–NiS@NiTe 57@10 57 [95]

125@50
FeP@CoP/NF 159@50 – [96]

205@100
CoFeOF/NF 162@10 126.26 [97]

269@100
Mn0.25Ni0.75O 115@10 70 [98]

NF – Ni foam, LDH – Layered double hydroxide, SA/NC – single atom/nitrogen-
doped carbon, NP/NC – nanoparticles/nitrogen-doped carbon.

Fig. 4. Steady-state chronopotentiometry curves of the NiMn/Ti-5 electro-
catalyst in SSW (a) and ASW (b) at a constant current density of 10 mA cm�2 for
10 h.

Fig. 5. Chronoamperometric curves of NiMn/Ti-5 electrocatalyst in simulated
seawater (a) and natural alkaline seawater solution (b) at a constant potential of
�0.23 V (vs. RHE) for 10 h.
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further investigated in this alchemized electrolyte. The electrocatalytic
HER activity was evaluated by recording the LSV polarization curves in
an Ar-saturated aqueous saline electrolyte at а potential scan rate of 10
mV s�1 from open-circuit potential (OCP) up to �0.43 V (vs. RHE) at a
temperature range of 25 ◦C–75 ◦C. The HER corresponding polarization
curves of the fabricated 3D NiMn/Ti catalysts in ASW are shown in
Fig. 3a, where the current density increases ca. 1.77–2.0 times with an
increase in temperature from 25 ◦C up to 75 ◦C. As evident from the LSVs
shown in Fig. 3b,a negligible but certain decrease in the HER activity has
occurred with respect to the fabricated NiMn/Ti catalysts in ASW due to
their relative catalytic performance and the possible invasion of from
bacteria/microbes, small particles, insoluble precipitates, and corrosion
damage of active sites by aggressive Cl� ions previously reported for
natural seawater electrolysis on other electrodes [79,80].

As shown in Fig. 3b, the fabricated NiMn/Ti-5 electrocatalyst
exceptionally possesses excellent HER catalytic activity in ASW, sur-
passing that of NiMn/Ti-4 and NiMn/Ti-3. Notably, the current density
delivered by NiMn/Ti-5 in ASW (82.17 mA cm�2) was also slightly
higher than the value recorded in SSW (77.49 mA cm�2). The Tafel slope
values were found to be 190, 213, and 213 mV dec�1 (Fig. 3c and
Table 5) for the as-synthesized 3D bimetallic NiMn/Ti-3, NiMn/Ti-4,
and NiMn/Ti-5 electrocatalysts, respectively. Moreover, the over-
potentials to reach current densities of 10, 20, and 50 mA cm�2 at 25 ◦C
were shown in Fig. 3d, and the η10, η20, and η50 values were found to
follow a sequential downward order from NiMn/Ti-3 to NiMn/Ti-5
electrocatalysts. For example, the η10, η20, and η50 values were
139.7 mV, 220.3 mV, and 361.3 mV for NiMn/Ti-3 as compared to 89.4
mV, 177.5 mV, and 326 mV for NiMn/Ti-4 and 79.3 mV, 162.4 mV, and
316 mV for NiMn/Ti-5, respectively. The results obtained showed that
the overpotentials for HER in AWS are shifted to the more positive po-
tential region with increasing Mn content in the coatings.

A comparison of HER performance using the NiMn/Ti catalysts
tested here shows that these non-noble bimetallic catalysts have great
potential as a promising hydrogen evolution electrocatalyst for real
seawater splitting technology (Table 6).

It was found that the higher HER current density values were ob-
tained on the NiMn/Ti-5 in alkaline real seawater compared to simu-
lated seawater. This phenomenon can be attributed to several factors:
higher ionic strength and conductivity in real seawater allowing better
ion mobility and lower resistance; potential catalytic effects of organic
matter and microorganisms in real seawater (real seawater contains
microorganisms that can form biofilms on electrode surfaces). These
biofilms can either inhibit or enhance electrochemical reactions. In some
cases, biofilms can act as biocatalysts, increasing the current density by

facilitating electron transfer processes); differences in the formation and
stability of passive films on the electrode surface.

3.3. Electrocatalytic stability studies for HER

Stability assessment is another critically important criterion needed
to study the electrocatalytic performance of cathodic HER electro-
catalysts, especially for seawater electrolysis due to the presence of
abundant corrosive Cl� ions. The electrocatalytic activity of the catalysts
needs to be sustainable in the long term to prove the practical applica-
bility of seawater splitting technology. Therefore, according to the
investigation, the durability of the optimal NiMn/Ti-5 electrocatalyst
was studied through long-term operation tests in both SSW and ASW
electrolytes by the method of chronopotentiometry (CP) at a fixed cur-
rent density of 10 mA cm�2 and the chronoamperometry (CA) at a
constant potential of �0.23 V (vs. RHE) for 10 h at 25 ◦C. In Fig. 4a, the
electrocatalytic stability of the NiMn/Ti-5 electrode was demonstrated
using chronopotentiometry analysis at the current density of 10 mA
cm�2 for 10 h. It is worth noting that in simulated seawater, the po-
tential required for HER remains almost constant, with a negligible
decrease of only 0.0161 V after 10 h of operation. On the contrary, the
catalytic stability of the NiMn/Ti-5 electrocatalyst in alkaline natural
seawater is slightly decreased at the beginning due to the obstruction of
the active sites exposed in seawater, but it is believed that the unique
porous architecture of the synthesized NiMn/Ti-5 electrocatalyst fa-
vours the rapid bubble overflow, which facilitates the electrolyte
diffusion and electron transport. Thus, after 1 h of operation, due to the
stabilization of the catalyst in ASW media, a slight fluctuation of the CP
curve was recorded with a marginal decrease of the potential of only
0.042 V at the end of the continuous 10 h HER electrolysis (Fig. 4b).

In addition, the long-term stability of the optimal NiMn/Ti-5 elec-
trocatalyst was also evaluated by conducting the chronoamperometric
study in SSW and ASW at a constant potential of �0.23 V (vs. RHE) for
10 h. As shown in Fig. 5, the NiMn/Ti-5 electrode underwent a current
density fluctuation in the first hour in both electrolytes, probably due to
low the hydrogen evolution kinetics at the beginning of HER, i.e.,
generated hydrogen bubbles, which were unable to desorb from the
electrode surface, blocking the electrode-electrolyte contact, etc. The
initial lower current densities of NiMn/Ti-5 electrode have gradually
recovered during the long-term operation, and corresponding to the
improved current density obtained after 1 h, it was observed that the
degradation of current density was approximately 17.2% in SSW
(Fig. 5a) and only 16.4% current density degeneration was recorded in
ASW (Fig. 5b) at the end of 10 h of continuous HER electrolysis.

Fig. 6. HER polarization curves of 3D NiMn/Ti-5 electrocatalyst recorded before and after 10 h chronoamperometric measurement in SSW (a) and ASW (b) at 25 ◦C
temperature.
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Furthermore, in order to address and verify the robustness and
resistance of the synthesized electrocatalyst in Cl� ion-rich seawater
electrolysis, the comparison of the catalytic performance of the NiMn/
Ti-5 electrode before and after 10 h chronoamperometric measure-
ment in simulated seawater (Fig. 6a) and in alkaline natural seawater
(Fig. 6b) was evaluated. After a continuous 10 h CA study, the recorded
LSV curve shows a slight shift to a more negative potential zone, but the
catalyst performed the same activity, demonstrating an excellent sta-
bility in SSW. Later on, the LSV curve recorded after 10 h continuous CA
study shows a slight distortion, accompanied by a negligible decrease in
current density from 82.2 to 79.9 mA cm�2 (a decrease of 2.8%) in ASW.
This decrease can be attributed to the possible disruption of surface
active sites and the formation of precipitates, which could hinder the
exposure of active sites to seawater, as reported for natural seawater
electrolysis [99].

4. Conclusions

In summary, we have successfully developed a novel, self-supported,
bimetallic three-dimensional NiMn/Ti electrocatalysts for efficient and
stable hydrogen evolution reaction by seawater splitting. The catalysts
were fabricated with different Ni:Mn molar compositions via a facile,
one-step electrochemical deposition method using a dynamic hydrogen
bubble template technique, and their electrocatalytic activity and
durability for HER in SSW and ASW were studied. Structure and surface
morphology studies reveal a unique porous architecture with numerous
active sites and uniform dispersion of Ni and Mn particles over the entire
surface of the substrate.

The NiMn/Ti electrocatalyst, electroplated under optimal conditions
using a chemical bath containing Ni2+ and Mn2+ ions with a molar ratio
of Ni2+:Mn2+ = 1:5, showed superior HER activity and stability,
requiring ultra-low overpotentials of 64.2 and 79.3 mV to achieve the
benchmark current density of 10 mA cm�2 in SSW and ASW, respec-
tively, which are highly comparable to most of the non-noble metal
based electrocatalysts reported in the recent past. The corresponding
other catalysts prepared from the mentioned bath compositions have
also exhibited remarkable HER activity with lower overpotentials
required to drive the benchmark current densities. The composition of
the plating solution plays a crucial role in regulating the morphology
and structure of the synthesized NiMn/Ti catalysts, thereby enhancing
their intrinsic catalytic activity. In addition, the high-performance
optimal NiMn/Ti electrocatalyst also shows excellent long-term elec-
trocatalytic durability in both working electrolytes as the recorded po-
tentials remain almost unchanged with nominal degradation after 10 h
of continuous HER operation.

The synthesis procedure of the NiMn/Ti electrocatalyst is simple,
non-toxic, inexpensive, and time-saving. These features, together with
the enhanced superior performance of the synthesized catalysts with
robust nature, convincingly promised the promising potential of the
NiMn/Ti electrocatalyst for real-life seawater splitting technology.
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Abstract: The perfect strategy for the generation of green and renewable hydrogen (H2) fuels is
the direct electrocatalytic splitting of plentiful seawater rather than scarce freshwater. One of the
half-reactions taking place during the electrocatalytic splitting of seawater is oxygen evolution (OER).
However, the OER is affected by slow four-electron transfer kinetics as well as competitive chlorine
evolution reactions (CERs) in seawater. To overcome the kinematic and competitive barriers of
seawater splitting and achieve an excellent overall performance of seawater splitting, we herein
report a facile, low-cost, one-step fabrication procedure of 3D structured nickel–manganese (NiMn)
coatings using a dynamic hydrogen bubble template (DHBT) technique. The electrocatalytic activities
of the thus synthesized catalytic materials for OER in simulated seawater (0.5 M NaCl + 1 M KOH,
denoted as SSW) and alkaline natural seawater (natural seawater + 1 M KOH, denoted as ASW)
were investigated using linear sweep voltammetry (LSV) at varying temperatures from 25 to 75 ◦C.
Scanning electron microscopy (SEM) and inductively coupled plasma–optical emission spectroscopy
(ICP–OES) were used to examine the surface morphology and composition of the prepared catalysts.
It was found that the prepared NiMn/Ti-1 catalyst in a plating bath containing a molar ratio of
1:1 Ni2+:Mn2+ and having the lowest Mn loading of 13.43 µg cm−2 exhibited quite reasonable activity
for OER in Cl− ion rich SSW and ASW. To achieve the benchmark current density of 10 mA cm−2 in
SSW and ASW, the NiMn/Ti-1 electrocatalyst requires overpotentials of 386 and 388 mV, respectively.
In addition, this optimal bimetallic electrocatalyst also demonstrated superior long-run stability at
1.81 V (vs. RHE) and 10 mA cm−2 for 24 h in both working electrolytes. Impressively, the two-
electrode electrolyzer—NiMn/Ti-5(−)||NiMn/Ti-1(+)—needs only 1.619 V to deliver 10 mA cm−2

current density for overall alkaline seawater electrolysis, which is even 0.075 V lower than the noble
metal-based electrolyzer (Pt(−)||NiMn/Ti-1(+)).

Keywords: nickel; manganese; oxygen evolution reaction; alkaline natural seawater; simulated
seawater; overall seawater splitting

1. Introduction

Energy plays the most crucial role for the development and continuous growth of
modern civilization in this era, maintaining the normal operation of the global economy.
The dominance of fossil fuels, in particular natural gas, coal, and oil, in industrial energy
consumption persists. However, the unending consumption of non-renewable fossil fuels
has led to a global crisis of energy depletion and environmental threats. Hydrogen is a
diverse energy bearer with the ability to address several critical energy challenges. In
addition, hydrogen energy offers a number of advantages, including clean combustion
products with zero pollution and zero CO2 emissions, a high gravimetric energy density,
renewable and plentiful resource reserves, and the potential to be considered one of the
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best promising options to replace traditional fossil fuels [1–6]. The sources of hydrogen are
diverse, and production processes can be classified into three categories: green hydrogen,
blue hydrogen, and gray hydrogen, among others. Green hydrogen is obtained using elec-
trochemical water splitting technology, which is environmentally friendly and effectively
reduces the use of fossil fuels [7–9]. Consequently, green hydrogen has become a subject of
considerable research interest.

Electrochemical water splitting comprises of two half-reactions: the cathodic hydro-
gen evolution reaction (HER) and the anodic OER. The four-electron transfer process
(4OH− → H2O + O2 + 4e−) of OER at the anode is considered the rate-limiting step for
water splitting, exhibiting sluggish kinetics and necessitating a theoretical voltage equal to
1.23 V [10–13]. In recent decades, researchers have developed electrolyzers based on alka-
line freshwater as the key source for water splitting. However, the limited availability of
freshwater resources represents a significant challenge for the advancement of electrolyzer
technology, particularly in light of the increasing global population and the associated
demands of modern living standards. In comparison to the restricted availability of fresh-
water, seawater, which constitutes approximately 97% of the world’s total water supply,
can be regarded as an inexhaustible source. It is recommended that seawater splitting be
considered as a more viable and sustainable option to freshwater electrolysis for hydrogen
generation [14–17].

The industrial production of high-purity hydrogen from direct or selective electrolytic
splitting of seawater remains a major challenge, despite the abundant availability of sea-
water on our planet. The presence of aggressive chloride anions (Cl−), as well as other
unfavorable ions including Ca2+, Mg2+, Na+, Br−, and SO4

2−, and a diverse range of
bacteria, suspended solid microparticles, and other impurities, can cause the surface of elec-
trocatalysts to become inactive and poisoned, ultimately leading to their deactivation and
poisoning [18–20]. The CER that occurs at the anode represents the most critical encounter
in the seawater electrolysis process. This reaction competes with the OER and forms aggres-
sive substances: chloride products (e.g., HClO, Cl2, or ClO−), which have the potential to
degrade the electrolyte environment and result in low anode current efficiency. Moreover,
the Pourbaix diagram indicates that OER is thermodynamically more favorable than CER
across the whole pH region, with a constant potential difference of up to 480 mV remaining
in the high pH region. Therefore, in an alkaline medium (pH > 7.5), electrocatalytic mate-
rials with an overpotential of less than 480 mV would be effective for splitting seawater
without the occurrence of side-reactions caused by chloride ions [15,20–23]. Additionally,
the disadvantage of high pH is the production of insoluble precipitates (e.g., Ca(OH)2 and
Mg(OH)2), which lead to the poisoning of the catalytic sites in the natural seawater system.

Nevertheless, the high costs of green hydrogen energy remain a substantial obstacle to
its widespread adoption, largely due to the inherent costs associated with the hydrogen
production pathway. One of the principal factors contributing to this elevated cost is the
electrocatalysts employed as electrodes in the water electrolyzers. The most advanced
platinum group metal (PGM) catalysts demonstrate outstanding electrocatalytic activity
for water splitting, while Pt-based catalysts are the leading electrocatalysts for HER. Ru-
or Ir-based oxides exhibit the most efficient performances for OER [24–28]. However, the
high costs and limited availability of precious PGM catalysts present significant obstacles
to their large-scale commercial deployment. It is therefore anticipated that research into
earth-abundant, inexpensive, highly efficient and durable electrocatalytic materials with
the potential to reduce the energy barriers to hydrogen/oxygen evolution in HER/OER
processes will be of significant interest.

In order to overcome the large overpotential associated with seawater splitting in OER,
researchers have directed considerable attention toward cost-effective and earth-abundant
transition metal-based electrocatalysts, which have emerged as promising options because
of their active structural sites and near-optimal activity. Over the past decade, low-cost
transition metals (TMs), including nickel-based [29–32], iron-based [33–37], and cobalt-
based [38–42] sulfides [43–46], phosphides [47–50], nitrides [51–54], alloys [55,56], and
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bimetallic LDHs [57–59], have emerged as alternative potential candidates for OER in
alkaline freshwater/seawater and overall simulated/alkaline seawater splitting as replace-
ments for precious metal catalysts. In order to identify the most catalytically efficient
materials, two key properties must be considered: (i) the intrinsic activity of the substance,
which directly regulates the chemical nature of the electrodes, and (ii) the active surface
area of the catalysts. From among the early group of VIII B TMs, scientists have turned their
attention to Ni-based electrodes due to the enhanced water splitting performance achieved
through the formation of heterostructure hybrids and nanostructured composites, etc. with
Fe, Co, and Mo [60–65]. In this context, another TM, namely Mn, has received increasing
attention in recent years due to its optimal electronic configuration and higher M–H∗ bond
strength [66,67]. Furthermore, Mn is capable of forming complexes with other metals by
the splitting of the d-orbital, resulting in the creation of an electron-deficient eg-orbital.
This change in the electronic level of the catalyst facilitates the exposure of additional active
sites and enhances catalytic interactions [68]. Furthermore, Mn is recognized for its ability
to reduce the overpotential in HER and OER electrolytic reactions, which makes it a highly
promising candidate for the preparation of transition metal-based catalysts [69–73]. A
recent published study by Priamushko et al. demonstrated that bimetallic oxides tailored
by Mn exhibited enhanced OER kinetics due to increased active sites, catalyst stability, and
current density [74]. Zhang et al. [75] showed that the incorporation of Mn as a dopant
effectively enhanced the inherent activity and stability of Co–P nanosheets. Guo et al.
reported a bimetallic MnCo–P/NF electrocatalyst [76] that exhibited excellent hydrogen
catalytic activity, requiring an overpotential of 112 mV to achieve a higher current density of
100 mA cm−2 together with strong mechanical stability. A series of Mn-induced bimetallic
and multicomponent alloy electrocatalysts have also been investigated for their potential
in water electrolysis and other electrochemical reactions. These studies have demonstrated
excellent catalytic activity, stability, selectivity, and protective properties against corrosion
in seawater splitting [77–81].

In our previous publication, we demonstrated that those facile electrodeposited 3D
NiMn coatings have superior bifunctional activity and long-term durability for HER and
OER towards alkaline water electrolysis [82]. However, in the search for TM-based promis-
ing electrodes for a sustainable alternative to scarce freshwater, it was resolved to further
investigate these low-cost catalysts to investigate their electrocatalytic performances and
long-time durability for OER in alkaline natural seawater (ASW) and simulated seawater
(SSW). To the extent of our knowledge, no publication has yet been reported on the cat-
alytic activities of bimetallic Ni–Mn alloys as OER electrocatalysts for seawater splitting.
However, in recent times, only a few publications have highlighted the applications of
NiMn–LDH materials for overall alkaline freshwater/seawater electrolysis [57,83–85].

2. Materials and Methods
2.1. Chemicals

Titanium foil with a thickness of 0.127 mm thick and 99.7% purity (Sigma–Aldrich
(Saint Louis, MO, USA)), stainless steel foil with a thickness of 0.2 mm (Type 304, Alfa
Aesar (Karlsruhe, Germany) GmbH & Co.), nickel sulfate hexahydrate (NiSO4.6H2O, >98%,
Chempur Company (Karlsruhe, Germany)), manganese chloride tetrahydrate (MnCl2.4H2O,
>99%, Chempur Company (Karlsruhe, Germany)), boric acid (H3BO3, >99.5%, Chempur
Company (Karlsruhe, Germany)), KOH (98.8%, Chempur Company (Karlsruhe, Germany)),
ammonium sulfate ((NH4)2SO4, >99%, Chempur Company (Karlsruhe, Germany)), H2SO4
(96%, Chempur Company (Karlsruhe, Germany)), and HCl (35–38%, Chempur Company
(Karlsruhe, Germany)) were of analytical grade and were employed directly without any
additional purification. All solutions were prepared using ultrapure water (18.2 MΩ·cm).
The seawater was taken from the Baltic Sea in the Klaipėda coastal region of Lithuania.
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2.2. Fabrication of Catalysts

The electrodes were fabricated via a one-step procedure as reported in our previous
research [82]. In brief, the Ti sheets in the size of 1 × 1 cm2 were pretreated in dilute
H2SO4 (1:1 vol.) at 70 ◦C to activate and remove any possible oxides/hydroxides present
on the surface. Following this, the sheets were rinsed with distilled water and subsequently
immersed in the plating bath, which comprised 0.2 M NiSO4 and 0.2 to 0.6 M MnCl2 serving
as the source of Ni2+ and Mn2+ ions, respectively. Then, 0.5 M (NH4)2SO4 was used as a
coating morphology modifier, while 0.3 M H3BO3 was employed as a pH stabilizer. All
reagents were dissolved in ultrapure water under acid conditions, specifically 1 M HCl and
1.5 M H2SO4. The composition and electroplating conditions of the plating baths used to
prepare the electrodes are detailed in Table 1. After coating, the NiMn/Ti electrocatalysts
were carefully washed with deionized water, dried in air at ambient temperature, and
stored for future studies.

Table 1. The plating bath composition, along with the associated parameters of the plating condition.

Catalyst
Concentration (M) Plating Conditions

NiSO4 MnCl2 (NH4)2SO4 H3BO3 pH * T (◦C) j (mA cm−2) t (min)

NiMn/Ti-1
NiMn/Ti-2
NiMn/Ti-3

0.2
0.2
0.2

0.2
0.4
0.6

0.5
0.5
0.5

0.3
0.3
0.3

~1 25 50
500

3
3

* 1.5 M H2SO4 + 1 M HCl.

2.3. Characterization of Catalysts

An investigation into the composition and morphology of the fabricated NiMn/Ti cata-
lysts was carried out using a TM4000Plus scanning electron microscope with an AZetecOne
detector (Hitachi, Tokyo, Japan).

The loadings of Ni and Mn were identified using an Optima 7000DV inductively
coupled plasma optical emission spectrometer (Perkin Elmer, Waltham, MA, USA). ICP–
OES spectra were collected at λNi 231.604 nm and λMn 257.610 nm.

X-ray diffraction patterns were acquired using a D2 Phaser X-ray diffractometer with
CuKα radiation (Bruker AXS, Karlsruhe, Germany). A step scan mode was used in the 2θ
from 10◦ to 90◦. The step length was 0.04◦ and the count time was 1 s per step.

2.4. Electrochemical Measurements

The performances of the prepared NiMn catalysts were assessed through linear sweep
voltammetry (LSV), employing a PGSTAT302 potentiostat (Metrohm Autolab B.V., Utrecht,
The Netherlands). The LSVs were recorded in two different types of simulated seawater,
namely Ar-deaerated simulated seawater (0.5 M NaCl +1 M KOH) and alkaline seawater
(natural seawater + 1 M KOH), at a range of temperatures from 25 to 75 ◦C. A thermostatted
electrochemical cell was utilized to evaluate the catalytic performance. The prepared
NiMn/Ti catalysts (a geometric area of 2 cm2) served as the working electrode, while a
Pt sheet and a saturated calomel electrode (SCE) acted as the counter and the reference
electrodes, respectively. If not indicated otherwise, all potential values were recalculated
to the reversible hydrogen electrode (RHE) scale according to the following equation:
ERHE = ESCE + 0.242 V + 0.059 V × pHsolution.

The OER LSVs were obtained in the two operating electrolytes by scanning the elec-
trode potential from the open circuit potential (OCP) to 2.06 V (vs. RHE) at 10 mV s−1.
Furthermore, the long-time durability of the prepared NiMn/Ti-1 catalyst was assessed
through the collecting of the chronopotentiometric curves (CP) at a constant current density
of 10 mA cm−2. The chronoamperometric curves (CA) were collected at a constant potential
of 1.81 V (vs. RHE) for 24 h in ASW and SSW. Moreover, the two-electrode seawater elec-
trolyzer was assembled by employing the as-prepared optimal NiMn/Ti-1 electrocatalyst
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as the anode and our previously reported efficient NiMn/Ti-5 HER electrocatalyst [82] as
the cathode.

The electrochemically active surface area (ECSA) of the catalysts was determined using
double layer capacitance (Cdl) measurements. CV curves were collected at varying scan
rates within the non-faradaic region. Thereafter, the charging current, Ic, of the catalysts at
each scan rate was calculated using the following Equation (1):

Ic [mA] = (Ianodic−Icathodic)OCP (1)

Then, the difference in anodic and cathodic current against the scan rate was plot-
ted and the slope of the curve, which corresponds to the Cdl, was calculated [86–88] as
demonstrated by Equation (2):

Slope = Cdl [mF] = ∆IC [mA]/∆ν [V s−1] (2)

For the calculation of the ECSA values, the specific capacitance (Cs) of
0.040 mF cm−2 [86–88] was used in Equation (3):

ECSA [cm2] = Cdl [mF]/Cs [mF cm−2] (3)

The roughness factor (Rf) for the catalysts was determined by the following Equation (4):

Rf = ECSA/Sgeometric (4)

3. Results and Discussion
3.1. Morphology and Microstructure Studies

Schematic fabrication of 3D NiMn/Ti catalysts via a straightforward one step electro-
plating approach is demonstrated in Figure 1a.

The surface morphology and structure of the NiMn/Ti-1, NiMn/Ti-2 and NiMn/Ti-3
catalysts was examined using scanning electron microscopy (SEM) as demonstrated in
Figure 1b–d. The SEM micrograph demonstrated that the synthesized NiMn coating on the
Ti, which was electrodeposited from an aqueous operating bath containing a molar ratio
of 1:1 Ni2+:Mn2+ (denoted as NiMn/Ti-1), exhibited a typical globular morphology com-
prised of smaller nodules that grew with a uniform distribution, covering the Ti substrate
(Figure 1b). The concentration of Mn2+ in the plating bath was found to be a determining
factor in the size of the resulting nodules. As the Ni2+:Mn2+ ratio increased from 1:1 to
1:2, the nodules exhibited a notable enlargement in size (Figure 1c). As the concentration
of Ni2+ remained constant (0.2 M) in all plating bath compositions, the as-synthesized
NiMn/Ti-3 electrocatalyst formed an uneven, coarse, flake-like heterostructured surface
as a result of a higher Ni2+:Mn2+ ratio of 1:3 in the plating bath and relatively higher cell
voltage during electrodeposition, as depicted in Figure 1d.

The metal loadings deposited on the Ti surface were determined by ICP–OES analysis,
the results of which are presented in Table 2. The catalysts were fabricated from different
plating baths with varying molar ratios of Ni:Mn, resulting in variable Ni-loadings of ca.
72–86 wt% in the prepared catalysts, while the content of deposited Mn varied from ca.
13–28 wt%. It was vividly observed that the overall metal loadings increased significantly
with higher concentration of Mn2+ in the plating bath, with a sum varying from ca. 100 up
to 375 µgmetalcm−2.

133



Coatings 2024, 14, 1074 6 of 19Coatings 2024, 14, x FOR PEER REVIEW 6 of 20 
 

 

 
Figure 1. Illustration of the fabrication approach of NiMn/Ti catalysts (a) and the SEM mapping 
images of NiMn/Ti-1 (b), NiMn/Ti-2 (c), and NiMn/Ti-3 (d) catalysts. 

The surface morphology and structure of the NiMn/Ti-1, NiMn/Ti-2 and NiMn/Ti-3 
catalysts was examined using scanning electron microscopy (SEM) as demonstrated in 
Figure 1b–d. The SEM micrograph demonstrated that the synthesized NiMn coating on 
the Ti, which was electrodeposited from an aqueous operating bath containing a molar 
ratio of 1:1 Ni2+:Mn2+ (denoted as NiMn/Ti-1), exhibited a typical globular morphology 
comprised of smaller nodules that grew with a uniform distribution, covering the Ti sub-
strate (Figure 1b). The concentration of Mn2+ in the plating bath was found to be a deter-
mining factor in the size of the resulting nodules. As the Ni2+:Mn2+ ratio increased from 1:1 
to 1:2, the nodules exhibited a notable enlargement in size (Figure 1c). As the concentra-
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Figure 1. Illustration of the fabrication approach of NiMn/Ti catalysts (a) and the SEM mapping
images of NiMn/Ti-1 (b), NiMn/Ti-2 (c), and NiMn/Ti-3 (d) catalysts.

Table 2. Metal loadings of various catalysts analyzed by ICP–OES.

Catalyst
Ni Loadings
(µgNicm−2)

Mn Loadings
(µgMncm−2)

Total Metal Loading
(µgmetalcm−2)

Wt%

Ni Mn

NiMn/Ti-1 86.55 13.43 99.98 86.56 13.44
NiMn/Ti-2 126.4 40.55 166.95 75.71 24.29
NiMn/Ti-3 269.7 105.25 374.95 71.93 28.07

Figure 2 illustrates the XRD pattern of the NiMn catalyst deposited on the Ti surface.
It can be seen that the major peaks align closely with the data provided for Ti according to
COD No. 9016190. The most abundant phase, as determined by the XRD peak intensities,
was hexagonal Ti, with diffraction peaks at 2θ approximately 35.0◦, 38.4◦, 40.1◦, 53.0◦,
62.9◦, 76.2◦, 77.3◦ and 82.3◦, in good agreement with the phase of Ti (COD No. 9016190,
a = 2.95 Å, c = 4.68 Å, space group P 63/m m c), which correspond to the lattice planes of
(100), (002), (101), (102), (110), (112), (201), and (004), respectively.

134



Coatings 2024, 14, 1074 7 of 19

Coatings 2024, 14, x FOR PEER REVIEW 7 of 20 
 

 

Table 2. Metal loadings of various catalysts analyzed by ICP–OES. 

Catalyst 
Ni Loadings 

(µgNicm−2) 
Mn Loadings 

(µgMncm−2) 
Total Metal Loading 

(µgmetalcm−2) 
Wt% 

Ni Mn 
NiMn/Ti-1 86.55 13.43 99.98 86.56 13.44 
NiMn/Ti-2 126.4 40.55 166.95 75.71 24.29 
NiMn/Ti-3 269.7 105.25 374.95 71.93 28.07 

Figure 2 illustrates the XRD pattern of the NiMn catalyst deposited on the Ti surface. 
It can be seen that the major peaks align closely with the data provided for Ti according 
to COD No. 9016190. The most abundant phase, as determined by the XRD peak intensi-
ties, was hexagonal Ti, with diffraction peaks at 2θ approximately 35.0°, 38.4°, 40.1°, 53.0°, 
62.9°, 76.2°, 77.3° and 82.3°, in good agreement with the phase of Ti (COD No. 9016190, a 
= 2.95 Å, c = 4.68 Å, space group P 63/m m c), which correspond to the lattice planes of 
(100), (002), (101), (102), (110), (112), (201), and (004), respectively. 

40 50 60 70 80

40 50 60 70 80

 In
te

ns
ity

, a
.u

.

2 theta degree

 Ti  Ni  MnO  Mn2NiO4

 
Figure 2. XRD patterns of NiMn/Ti-1. The symbols show the positions of the XRD peaks of Ti (COD. 
No. 9016190), Ni (COD No. 2102269), MnO (COD No. 1010898), and Mn2NiO4 (COD No. 1530384). 

Moreover, the pattern also displayed peaks corresponding to the phases of Ni, MnO, 
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of Mn2NiO4 (COD No. 1530384, a = 8.45 Å, space group Fd-3m), which correlates with the 
lattice plane of (311). It may be surmised that the NiMn catalyst exhibited a Ni phase with 
some MnO and Mn2NiO4. Meanwhile, the Mn2NiO4 phase, which has a typical spinel 
structure, may prove to be a benecial structure in enhancing the electrocatalytic activity 
of the prepared NiMn catalyst. 

3.2. Electrocatalytic Activity for OER in SSW 
To assess the OER performance of the prepared electrocatalysts, LSVs were obtained 
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mV·s−1 from OCP up to 2.06 V, at a temperature range of 25 up to 75 °C (Figure 3a). To 
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Figure 2. XRD patterns of NiMn/Ti-1. The symbols show the positions of the XRD peaks of Ti (COD.
No. 9016190), Ni (COD No. 2102269), MnO (COD No. 1010898), and Mn2NiO4 (COD No. 1530384).

Moreover, the pattern also displayed peaks corresponding to the phases of Ni, MnO,
and Mn2NiO4. The Ni peak was detected at 2θ approximately 44.3◦, which is indexed to
the (111) crystal plane (COD. No. 2102269, a = 3.5382 Å, space group Fm-3m), while the
MnO peaks were observed at 2θ approximately 35.1◦, 40.8◦, 59.1◦, and 70.7◦, indexed to
the (111), (200), (220), and (311) crystal planes, respectively (COD No. 1010898, a = 4.415 Å,
space group Fm-3m). The peak located at 35.2◦ may be assigned with the cubic phase of
Mn2NiO4 (COD No. 1530384, a = 8.45 Å, space group Fd-3m), which correlates with the
lattice plane of (311). It may be surmised that the NiMn catalyst exhibited a Ni phase with
some MnO and Mn2NiO4. Meanwhile, the Mn2NiO4 phase, which has a typical spinel
structure, may prove to be a beneficial structure in enhancing the electrocatalytic activity of
the prepared NiMn catalyst.

3.2. Electrocatalytic Activity for OER in SSW

To assess the OER performance of the prepared electrocatalysts, LSVs were obtained
in an Ar-deaerated SSW solution of 0.5 M NaCl + 1.0 M KOH (resulting pH of 14) at
10 mV·s−1 from OCP up to 2.06 V, at a temperature range of 25 up to 75 ◦C (Figure 3a). To
ascertain the reproducibility, three electrodes were prepared and the LSVs were accounted
for each electrode. As can be seen from the data presented in Figure 3a, ca. 1.57–1.72 times
higher current density was attained on the investigated catalysts with an increase in
temperature from 25 up to 75 ◦C. Figure 3b shows the LSVs for all NiMn catalysts collected
at a temperature of 25 ◦C. It can be observed that the catalytic activity of the catalysts
was significantly influenced by the varying molar ratio of Ni2+:Mn2+. Figure 3c shows the
extracted Tafel plots for the aforementioned catalysts, while Figure 3d presents a summary
of the overpotential values needed to reach the benchmark current density. Moreover, the
slope of the Tafel is a pivotal parameter in the field of electrochemical kinetics and is used
to reflect the rate-limiting step of a given reaction. With regard to the OER, the slope of the
Tafel offers an insight into the underlying mechanism of the reaction and the kinetics of the
steps involved.

Figure 3c shows that the Tafel slope values were 130, 120, and 86 mV dec–1 for
the fabricated NiMn/Ti-1, NiMn/Ti-2 and NiMn/Ti-3 electrocatalysts, respectively. As
depicted in Figure 3d, NiMn/Ti-1 requires overpotentials of 386, 423, and 509 mV to attain
current densities of 10, 20 and 50 mA cm−2, respectively, in SSW. These values are superior
to those of NiMn/Ti-2 (η10 = 413 mV, η20 = 457 mV, and η50 = 557 mV) and NiMn/Ti-3
(η10 = 454 mV, η20 = 497 mV, and η50 = 603 mV). Table 3 summarizes the OER activity of
the synthesized catalysts in SSW.
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Figure 3. The OER polarization curves recorded on NiMn/Ti catalysts in SSW at 10 mV s−1 and a
temperature range from 25 to 75 ◦C (a), LSVs obtained at 25 ◦C (b), the corresponding Tafel plots (c),
and the overpotential values needed to achieve 10, 20, and 50 mA cm−2 current densities (d).

Table 3. Summary of electrochemical data of the catalysts under investigation for OER in SSW.

Catalysts
j at 2.06 V (mA cm−2) η10 at 25 ◦C

(mV)
Tafel Slope
(mV dec−1)25 ◦C 35 ◦C 45 ◦C 55 ◦C 65 ◦C 75 ◦C

NiMn/Ti-1 182.57 203.48 231.38 250.69 269.53 286.1 386 130

NiMn/Ti-2 144.36 158.77 177.15 195.43 210.07 232.39 413 120

NiMn/Ti-3 127.68 141.57 164.31 182.45 197.2 219.21 454 86

3.3. Electrocatalytic Performance for OER in ASW

Compared to fresh water, the availability of seawater could be the most sustainable
resource for the implementation of electrocatalytic water electrolysis technology. However,
natural seawater includes a large number of metal ions and radicals (e.g., Mg2+, Ca2+, Br−,
SO4

2−, etc.), microbes, and solid particles that have the potential to precipitate during
electrolysis and accumulate on the catalyst and electrode surface resulting in significant
catalytic inefficiency. To explore the potential use of seawater, the seawater (pH ≈ 8.2) used
in this study was taken from the Baltic Sea near the Klaipėda coastal region in Lithuania. To
prepare the ASW, 1.0 M of KOH pellets were dissolved in the seawater. The precipitate, a
white cloudy layer of insoluble metal hydroxides, was allowed to settle overnight and was
then filtered from the solution. The clear filtrate was collected by decantation and filtration
and was designated as ASW with a pH of ≈13.85.
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The OER of the fabricated catalysts was evaluated by recording LSVs in an Ar-
deaerated ASW electrolyte from OCP up to 2.06 V at 10 mV s−1 with temperatures ranging
from 25 to 75 ◦C. Figure 4a displays the LSVs, which exhibited a significant enhance-
ment in current density, reaching values between 1.65 and 1.75 times higher at elevated
temperatures (25 up to 75 ◦C).
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Figure 4. The OER LSVs recorded on NiMn/Ti catalysts in ASW at 10 mV s−1 and a temperature
range of 25 to 75 ◦C (a), LSVs recorded at 25 ◦C (b), the corresponding Tafel plots (c), and the
overpotential values needed to reach 10, 20, and 50 mA cm−2 current densities (d).

As illustrated in Figure 4b, the activity for OER of the prepared catalysts by varying
the molar ratio of Ni to Mn exhibited a gradual decline in current density with increasing
Mn concentrations. The anodic peak corresponding to the surface oxidation of Ni2+ to
Ni3+ was found at approximately 1.55 V, indicating the creation of active sites for OER that
enhanced the electrochemical process. This observation is in accordance with the findings
of Luo et al., who demonstrated that the OER performance was significantly influenced
by the Ni to Mn content ratios in the fabricated Nix|Mn1−xO/CNTs electrocatalysts. It
was reported that when the Mn content exceeded 17%, the overpotentials of the catalysts
increased, indicating that a reduction in the Mn content resulted in a notable enhancement
in OER activity [89]. However, the recorded current densities of the electrodes in ASW were
also markedly lower than those observed in SSW. It is anticipated that the catalytic efficiency
of the synthesized electrocatalysts in ASW will be appropriately decreased due to the existence
of interfering ions and impurities in seawater. Subsequently, the OER LSV curves at 25 ◦C
were employed to construct the Tafel plots and calculate the Tafel slopes. The values of the
Tafel slope were determined to be 114, 92, and 86 mV dec−1 for the fabricated NiMn/Ti-1,
NiMn/Ti-2 and NiMn/Ti-3 catalysts, respectively (Figure 4c and Table 4).
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Table 4. Summary of electrochemical data of the catalysts under investigation for OER in ASW.

Catalysts
j at 2.06 V(mA cm−2) η10 at 25

◦C(mV)
Tafel Slope
(mV dec−1)25 ◦C 35 ◦C 45 ◦C 55 ◦C 65 ◦C 75 ◦C

NiMn/Ti-1 141.97 151.05 177.2 202.47 223.75 248.18 388 114

NiMn/Ti-2 132.92 147.65 165.8 184.67 200.39 219.45 406 92

NiMn/Ti-3 123.3 136.9 156.51 177.4 195 213.23 446 86

Furthermore, Figure 4d and Table 4 illustrate the overpotentials required to attain
current densities of 10, 20, and 50 mA cm−2 at 25 ◦C. Notably, the NiMn/Ti-1 electrocatalyst
exhibits relatively low overpotentials of 388, 428, and 537 mV, respectively, to drive current
densities of 10, 20, and 50 mA cm−2 in the alkaline natural seawater. These values are
superior to those of the NiMn/Ti-2 (η10 = 406 mV, η20 = 452 mV, and η50 = 562 mV) and
NiMn/Ti-3 (η10 = 446 mV, η20 = 492 mV, and η50 = 603 mV) electrocatalysts.

The abovementioned data suggest that the as-synthesized NiMn bimetallic electrocat-
alyst, especially NiMn/Ti-1, exhibits promising OER performance, comparable to that of
recent non-precious metal-based OER catalysts in alkaline media and simulated/alkaline
seawater (Table 5).

Table 5. Comparison of the performances of OER electrocatalysts in neutral and simulated/alkaline
seawater electrolytes reported in the literature.

Catalysts η10 (mV) Tafel Slope
(mV dec−1) Electrolytes Ref.

NiMn/Ti-1 386
388

130
114

1 M KOH + 0.5 M NaCl
1 M KOH + Seawater This work

Co-CoO@C
(denoted as

ZIF67-600Ar/GF)
374 – 1 M KOH + Seawater [90]

oct_Cu2O-NF 354 90 1 M KOH + 0.5 M NaCl [91]

CoSe/MoSe2/NF 350 – 1 M KOH + Seawater [92]

FTO/NiO 340 - 1 M KOH + 0.5 M NaCl [93]

CoFe-LDH 530 – Simulated seawater
(pH 8.0) [94]

Pb2Ru2O7−x 500 ~48 Natural simulated seawater
(only 0.6 M NaCl) [95]

Co3O4
Co3−xPdxO4

440
370 – 1 M PBS + 0.5 M NaCl [96]

CaFeOx|FePO4 ~710 – Phosphate-buffered
(0.5 M, pH 7) seawater [97]

Co(OH)3Cl 379 – 1 M KOH + 0.6 M NaCl [98]

ER-RP/P-SNCF-5 332
346 – 1 M KOH + 0.5 M NaCl

1 M KOH + Seawater [99]

Furthermore, the ECSA of the NiMn/Ti-1 electrocatalyst was determined from the
measurements of double layer capacitance (Cdl) by recording CV curves in the 1 M KOH
solution at various scan rates (5–50 mVs−1) in the non-faradaic region (Figure 5a).
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there are more sites where OER can occur simultaneously, an increased number of active 
sites can facilitate higher reaction rates. This can result in a higher current density for a 
given potential. Furthermore, with a larger number of active sites, the catalyst can operate 
with greater efficiency, potentially reducing the overpotential required for the OER to oc-
cur. This makes the process more energy efficient.  
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The plot of the charging current against the scan rate is depicted in Figure 5b. The Cdl
for NiMnTi-1 was determined to be 1.17 mF, which yielded an estimated ECSA value of
29.25 cm2. The roughness factor Rf for the NiMnTi-1 electrocatalyst is approximately 15,
which indicates a high level of catalyst activity. Moreover, the Rf value obtained indicates
that the actual surface area of the catalyst is 15 times higher than its geometric surface area.
This increased surface area furnishes a larger number of active sites for the OER. As there
are more sites where OER can occur simultaneously, an increased number of active sites
can facilitate higher reaction rates. This can result in a higher current density for a given
potential. Furthermore, with a larger number of active sites, the catalyst can operate with
greater efficiency, potentially reducing the overpotential required for the OER to occur. This
makes the process more energy efficient.

3.4. Electrocatalytic Stability Investigations for OER

An additional crucial factor to consider is the electrocatalytic stability of a catalyst,
as this determines its practical utility and applicability. In the case of seawater splitting
OER electrocatalysts, it is essential that the electrocatalytic activity is sustainable, given the
presence of abundant corrosive Cl− ions and competitive CER. Accordingly, the stability
evaluation of the NiMn/Ti-1 catalyst was assessed by long-time operation assessments
in both ASW and SSW electrolytes. This was conducted using the CP method at a fixed
current density of 10 mA cm−2 and the CA at a constant potential of 1.81 V at 25 ◦C for 24 h.
The findings showed that the NiMn/Ti-1 electrocatalyst possesses superior long-lasting
electrocatalytic stability in both investigating electrolytes.

Figure 6a demonstrates the electrocatalytic stability of the NiMn/Ti-1 catalyst by
chronopotentiometric analysis at a constant current density of 10 mA cm−2 for 24 h. After
one hour of operation in both working electrolytes, the recorded potential remained almost
constant throughout the progression of the OER process, exhibiting a marginal increase
of only 34 mV in SSW and 40 mV in ASW. The remarkable stability of the synthesized
NiMn/Ti-1 catalyst ensures enhanced structural integrity and significant chloride ion-
resistivity, thereby conferring anti-corrosion properties that are beneficial for electrolysis
of seawater.
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lated seawater and alkaline natural seawater at a static current density of 10 mA cm−2 and a constant
potential of 1.81 V for 24 h, respectively.

Furthermore, the catalytic stability of the as-synthesized NiMn/Ti-1 catalyst was
also determined by the chronoamperometry at a constant potential of 1.81 V in SSW and
ASW. As illustrated in Figure 6b, the NiMn/Ti-1 electrode exhibited an excellent current
retention of ca. 100% in SSW, while displaying a relatively modest deviation in current
density in ASW. Following a 24-h period of continuous OER electrolysis, a decline of
approximately 15% in current density was monitored in comparison to the initial reading
of the current density after one hour. The intrinsically stable electrochemical properties
of the materials ensure the sustained performance of the OER after the completion of the
stability tests. A higher roughness factor can contribute to the enhanced stability of the
electrode by distributing stresses more evenly, enhancing the adherence of catalytic layers,
and potentially aiding in the management of gas bubbles.

3.5. Performance of Overall Alkaline Seawater Splitting

In addition to exhibiting reasonable OER efficiency and outstanding long-time durabil-
ity in both SSW and ASW, we conclude that the NiMn/Ti-1 electrocatalyst can be used as an
effective and durable OER catalyst for OWS in seawater. Therefore, the optimal NiMn/Ti-1
electrocatalyst should be further investigated as an anode material for OWS in alkaline
natural seawater solution. For the overall seawater-splitting performance, a two-electrode
system was used, as illustrated schematically in Figure 7a. An electrolytic cell containing
natural seawater and 1.0 M KOH was assembled with a synthesized NiMn/Ti-1 electrode
together with our previously reported efficient NiMn/Ti-5 HER electrocatalyst [100] as the
anode and cathode, respectively (Figure 7b). For comparison purposes, a two-electrode
seawater electrolyzer was constructed using a fabricated NiMn/Ti-1 electrode and a Pt
sheet (~2 cm2) as the anode and cathode, respectively. It is noteworthy that the electrolyzer
assembly, comprising the NiMn/Ti-5(−)||NiMn/Ti-1(+) catalysts, required a cell voltage of
only 1.619 V to operate at a current density of 10 mA cm−2 at 25 ◦C. This voltage was 0.075 V
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lower than that required by the electrolyzer employing Pt as the cathode: Pt(−)||NiMn/Ti-
1(+) (Figure 7c). It is evident that the cell voltage of the NiMn/Ti-5(−)||NiMn/Ti-1(+)
seawater electrolyzer is competitive with other recently reported non-precious metal-based
materials for OWS performance in SSW/ASW, as illustrated in Figure 7d. The long-time
stability of the electrolyzer NiMn/Ti-5(−)||NiMn/Ti-1(+) was also investigated in ASW. It
was observed that the recorded potential remained relatively stable for the duration of the
10-h testing period (Figure 7e).
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Figure 7. A schematic representation of the overall alkaline seawater splitting (a), a digital photograph
of the assembled two-electrode NiMn/Ti-5(−)||NiMn/Ti-1(+) cell (left) and the bubbles on the
electrodes (right) (b). LSVs for the overall alkaline seawater splitting at 25 ◦C (c). A comparison of
activity of the assembled electrolyzer with that of recently reported catalysts (d) and a long-time
durability test of the assembled NiMn/Ti-5(−)||NiMn/Ti-1(+) electrolyzer (e) for the overall alkaline
natural seawater splitting.

A comparative analysis of the overall seawater splitting performance using the two-
electrode seawater electrolyzer reported here shows that the composition of the synthesized
bimetallic electrolyzer assembly as anode and cathode has great potential for the technology
of seawater splitting (Table 6).
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Table 6. Comparison of the performance of the two-electrode seawater electrolyzers assembled with
the non-precious metal electrodes reported in the literature for SSW/ASW and natural seawater.

Electrodes (−||+) Potential@Current Density
(V@mA cm−2) Electrolyte Ref.

NiMn/Ti-5||NiMn/Ti-1
Pt||NiMnTi-1

1.619@10
1.694@10 1 M KOH + Seawater This work

FeNiCoMnRu@CNT (−||+) 1.6@10 1 M KOH + Seawater [56]

Pt/C/GF||ZIF67-600Ar/GF 1.63@20 1 M KOH + Seawater [90]

oct_Cu2O-NF||oct_Cu2O-NF 1.71@10 1 M KOH + 0.5 M NaCl [91]

CoSe/MoSe2/NF||CoSe/MoSe2/NF 1.69@10
1.77@10

1 M KOH + 0.5 M NaCl
1 M KOH + Seawater [92]

NiMoSe@CC||NiMoSe@CC 1.63@10 1 M KOH + 0.5 M NaCl [101]

3%Er-MoO2||3%Er-MoO2 1.67@10 1.0 M KOH + 3.5% NaCl [102]

Ir0.05-Co2P/Co2P2O7 NW/NF (−||+) 1.6@10
1.67@10

1 M KOH + Seawater
Seawater [103]

CdFe-BDC||CdFe-BDC 1.68@10 Seawater [104]

Co-Ni-S/NF||Co-Ni-S/NF 1.67@10 1 M KOH + 0.5 M NaCl [105]

NiFeOOH||(Co,Fe)PO4 1.625@10 1 M KOH + Seawater [106]

Cu8S5/NSC-900||Cu8S5/NSC-900 1.58@10
1.65@10

1 M KOH + 0.5 M NaCl
1 M KOH + Seawater [107]

NiCoN|NixP|NiCoN||S-(Ni,Fe)OOH 1.81@10 Seawater [108]

Mn-doped Ni2P/Fe2P (−||+) 1.64@10 1 M KOH + 0.5 M NaCl [109]

RNPOH/NF||RNPOH/NF 1.75@50 1 M KOH + Seawater [110]

Mo-CoPx/NF||Mo-CoPx/NF 1.59@10
1.61@10

1 M KOH + 0.5 M NaCl
1 M KOH + Seawater [111]

CoF-2||CoF-3 1.72@10
1.76@10

1 M KOH + 0.6 M NaCl
1 M KOH + Seawater [112]

Ni-SN@C||Ni-SN@C 1.72@10 1 M KOH + Seawater [113]

4. Conclusions

In conclusion, we successfully synthesized 3D NiMn/Ti electrocatalysts for stable
oxygen evolution reactions by seawater splitting via a one-step and facile electrochemical
deposition approach. The surface morphology of the NiMn/Ti-1 electrode exhibits a unique
tiny nodule-like architecture covering the substrate, while the as-fabricated NiMn/Ti-3
electrocatalyst exhibits surface roughness with flake-like heterostructures. The optimal
NiMn/Ti-1 electrocatalyst displayed excellent durability and quite reasonable OER ac-
tivity in chloride ion-rich simulated seawater and alkaline seawater media. Moreover, a
two-electrode seawater electrolyzer assembled with the as-prepared optimal NiMn/Ti-1
electrode and with an efficient NiMn/Ti-5 electrode, as the anode and cathode, respectively,
requires only 1.619 V cell voltage to achieve a current density of 10 mA cm−2 at 25 ◦C. This
NiMn/Ti-5(−)||NiMn/Ti-1(+) bimetallic seawater electrolyzer assembly was also subjected
to a long-term durability study in ASW, and it demonstrated outstanding stability with no
notable change in potential.
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Abstract 

Electrocatalytic seawater splitting is an ideal strategy for the large-scale production of green 

and renewable hydrogen energy. Compared to scarce freshwater, oceanic seawater electrolysis can 

be considered as a game-changer for the hydrogen economy. Herein, we report a cost-effective 

one-step synthesis of binder-free, self-supported 3D nickel-manganese-cobalt (NiMnCo) coatings 

on titanium (Ti) substrate and their electrocatalytic performance for the hydrogen evolution 

reaction was evaluated in alkaline media (1.0 M KOH), simulated seawater (SSW, 1.0 M KOH + 

0.5 M NaCl) and alkaline natural seawater (ASW, 1.0 M KOH + natural seawater). These tri-

component coatings have been electrodeposited on Ti substrate using an electrochemical 

deposition method through a dynamic hydrogen bubble template (DHBT) technique. 

The reported ternary optimized NiMnCo/Ti-2 electrocatalyst exhibited an enhanced 

hydrogen evolution reaction (HER) through alkaline and seawater splitting with an ultra-low 

overpotential of 29, 59 and 66 mV to reach the benchmark current density of 10 mA cm⁻2 in SSW, 

ASW and 1.0 M KOH, respectively. This efficient ternary NiMnCo/Ti-2 electrocatalyst exhibited 

a consistent long-term stability at a constant potential of -0.23 V (vs. RHE) and a constant current 

density of 10 mA cm⁻2 for 50 hours without any significant degradation. Additionally, it 

demonstrated long-term stability in alkaline electrolyte and simulated seawater with a multi-step 

chronopotentiometric investigation through variable current densities from 20 mA cm⁻2 to 

100 mA cm⁻2 for 18 hours. This superior performance can be accredited to the unique intermetallic 

structure and multi-component composition, which provides good Cl⁻ resistance, analytical 

stability and synergistic effects among its constituents. Therefore, the fabricated optimized 

NiMnCo/Ti-2 electrocatalyst can be considered as a promising candidate for realistic seawater 

electrolysis aiming of green hydrogen production. 
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1. Introduction 

Limited fossil fuel driven industrialization and the steadily increasing global energy demand 

due to burgeoning population growth resulting significant challenges for the existence of mankind 

as the vast consumption of fossil fuels not only depleting the natural resources but also aggravates 

environmental pollution and consequential global warming, climate change and other 

environmental complications [1-5]. Moreover, the fossil fuel reserves are also very inadequate and 

geospecific, thereby their drastic depletion could lead to energy shortfalls and geopolitical 

conflicts. In order to address both energy security and environmental sustainability by mitigating 

the emission of greenhouse gases, hydrogen (H2) can be considered as a key emerging substitute 

for fossil fuels which definitely can serve as the most promising energy source by means of 

highest energy density (∼142 MJ kg⁻1) leaving zero carbon footprint, rich elemental abundance on 

Earth for scalability [6-10].  

Hydrogen energy has received significant attention due to its numerous superiorities and can 

be produced from many different non-renewable conventional sources, e.g., coal, natural gas, 

biomass etc. To date, steam reforming of fossil fuels feasibly remains the most economical 

approach to produce hydrogen at a scale of ∼$2/kg [11], the primary global energy consumption 

by renewable energy increased from 28.82 EJ (Exajoule, 1018 Joules) in 2019 to 31.71 EJ in 2020, 

as reported by BP’s statistical review [12]. However, the conventional steam reforming production 

pathway has a nominal conversion rate and leads to CO2 emissions, CO intermediates and coke 

due to incomplete combustion which requires sophisticated technology and a lavish budget to 

mitigate through carbon capture and storage [13, 14]. Therefore, global energy utilization must be 

fully decarbonized to alleviate the negative environmental impacts caused by non-renewable 

energy carriers and to achieve the Paris Agreement target set for minimizing emissions by 2050 

[15, 16]. The process of electrosynthesis of hydrogen through water electrolysis powered by 

renewable energy can be treated as a decarbonized energy source and green enough [17], and 

according to statistics, global hydrogen production stood at 90 Mt (million tons) in 2020 which is 

predicted to reach 530 Mt/year by 2050 to meet Net Zero Emission Scenario of International 

Energy Agency [18]. In the recent past, the U.S. Department of Energy also launched the 
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‘Hydrogen Shot’ program in June 2021 to restrain the cost of clean hydrogen to $1 per 1 kilogram 

in 1 decade (“1 1 1”) [19, 20]. 

The process of green hydrogen production through water splitting comprises two key half-

reactions: the anodic oxygen evolution reaction (OER) and the cathodic hydrogen evolution 

reaction (HER) whereas it requires ca. 9 L of pure water stoichiometrically to produce 1 kg of 

hydrogen [21-23]. The overall electrocatalytic water splitting reaction requires a theoretical voltage 

of 1.23 V, corresponding to the thermodynamic Gibbs free energy of 237.2 kJ mol⁻1. However, the 

practical water electrolysis in standard conditions usually needs a higher input of 1.48 V and the 

process consumes additional energy to drive at a practical rate [24-28]. Therefore, the main 

technical bottleneck for the electrochemical water electrolysis is to achieve exceptional hydrogen 

conversion efficiency and overcoming the sluggish reaction kinetics of anodic OER which makes 

the overall water splitting more extortionate. The industrial commercialization of hydrogen 

production is also constrained by the consumption of a large volume of limited freshwater reserves 

but seawater is an ample natural resource covering ∼97% of the total water reserve on Earth. 

It is important to note that direct feed seawater electrolysis (DFSE) would be a more practical 

cost-effective approach for industrial-scale hydrogen production with high purity but 

commercialization of DFSE is limited due to the competing chlorine evolution reaction (ClER) in 

the anode [29-33]. According to the Pourbaix diagram for the artificial seawater model at standard 

ambient temperature, the formation of hypochlorite and other by-products might take place during 

ClER at higher pH values along with insoluble Mg/Ca hydroxide on the electrode surface which 

can hinder the long-term durability of electrocatalysts [32-34]. Therefore, in the last decades, 

tremendous breakthroughs have been made by the research and development to synthesize high-

performance, durable electrocatalysts for electrocatalytic seawater splitting but today, for the 

commercialization of zero or low-carbon green hydrogen with renewability, it is important to focus 

on the development of electrocatalysts for seawater electrolysis with enhanced activity, selectivity, 

long-term stability along with anti-corrosion properties [35-38]. 

Nevertheless, the high cost of zero to low-carbon green hydrogen energy remains the primary 

hurdle in seawater splitting arising from the electrocatalysts employed as electrodes in 

water/seawater electrolyzers. The state-of-the-art platinum group metal (PGM) catalysts exhibit 

outstanding electrocatalytic activity for water electrolyzers, where Pt and Pt-based catalysts are the 

benchmark electrocatalysts for HER [39-43]. However, the scarcity and high cost of precious PGM 
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catalysts are the principal obstacles hindering their widespread application and large-scale 

commercialization. In recent years, the use of non-noble transition metal-based catalysts has been 

extended for HER in respect of water splitting and industrial electrolyzers including transition-

metal-based oxides [44-46], LDHs and hydroxides [47-49], sulfides [50, 51], nitrides [52, 53], 

phosphides [54, 55], and alloys [56-58]. Among these, transition metal alloy electrocatalysts have 

drawn significant attention due to their ease of electronic and structural modification to improve 

the inherent electrocatalytic activity.  

In general, several applicable techniques and methods have been used to synthesize 

electrocatalysts with enhanced electrocatalytic activity and structural integrity for long-term 

durability. The electrodeposition method is a facile, cost-effective method to fabricate binder-free 

3D nano-micro architectures of different shapes and structural morphology, e.g., porous [59], 

nanosheets [60], nanotubes [61], nanocones [62] and nano-micro dendrites [63], etc. Such unique 

surface morphologies of electrocatalysts increase the active surface area and the number of active 

sites, resulting in the acceleration of electrolyte diffusion and improved electron transport 

efficiency [64, 65]. An attractive feature of the electrodeposition method is the dynamic hydrogen 

bubble template (DHBT) technique through which moderate-to-high controllable current density 

is usually applied to synthesize electrocatalysts and the formation of vigorous hydrogen bubbles 

acts as dynamic templates to regulate the surface and structural morphology [66]. For instance, 

Jiang et al. synthesized the trumpet-shaped Ru catalyst on amorphous cobalt support (T-Ru/a-Co) 

via the DHBT process which requires only 49 mV overpotential to obtain a current density of 

10 mA cm⁻2 for HER in alkaline media (1.0 M KOH) [67]. Another study conducted by 

Hassanizadeh et al. shows that Ni3S2@Cu@NF electrocatalyst synthesized via DHBT method, 

where copper and nickel sulfide coatings were electrodeposited at a constant current density of 

6 A cm⁻2 for only 5 s forming a dendritic morphology with circular porous architecture with an 

average diameter of 9 μm in certain areas. Electrocatalysts fabricated by such a fast-forwarding, 

low-cost method also demonstrated enhanced HER activity in alkaline media with 98 mV 

overpotential to achieve a current density of 10 mA cm⁻2 [68]. Furthermore, a nanoflower-like 

NiFeCo catalyst fabricated by a facile one-step DHBT electrodeposition method on carbonized 

wood also exhibited remarkable HER activity in 1.0 M KOH solution requiring ultra-low 

overpotentials of 37 mV and 298 mV to achieve current densities of 10 mA cm⁻2 and 1000 mA cm⁻2 

[69]. 
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According to the aforementioned studies, cobalt (Co) can act as a promising transition metal 

for synthesizing alloyed electrocatalysts due to its large reserves and affordability. Moreover, Co 

possesses unpaired electrons in the outer 3d orbital which may pair easily with the 1s orbital of H 

atoms to form M-H bond and facilitate the HER process [70-72].  

Our previous publications demonstrated the superior HER activity and sustainability of 

bimetallic 3D NiMn coatings electrodeposited by facile DHBT technique on Ti substrate towards 

alkaline media [73] and simulated/alkaline seawater [74]. Thus, it was decided to modify and 

synthesize our previous electrocatalyst via amalgamating with cobalt and resuming the scientific 

investigations and characterizations in a broad perspective to unfold the efficiency, durability and 

practical application of multicomponent electrodes for HER in alkaline media, simulated seawater 

(SSW) and alkaline seawater (ASW) electrolytes. 

 

2. Experimental Section 

2.1 Materials and Fabrication of Catalysts 

All the chemicals used in the experiments were of analytical grade and used directly without 

further purification. Titanium (Ti) foils (0.127 mm thick) with size of (1×1 cm) were cut, sanded 

to 1000 grit and degreased with ethanol to remove the native surface oxide layer. Subsequently, 

the Ti plates were washed with deionized water (DI) followed by their activation via pretreatment 

in diluted H2SO4 (1:1 vol.) at 70℃. The electrocatalyst fabrication occurred via electrodeposition 

by DHBT technique in a two-electrode cell using a pair of wire-connected platinum sheets 

(55×35×1 mm) as the anode and Ti sheets as the cathode. To synthesize self-supported non-noble 

electrocatalysts, the chemical composition of the electrodeposition solution baths were composed 

of 0.2 M nickel sulfate hexahydrate (NiSO4.6H2O, >98%) as a source of nickel ions, 1.0 M 

manganese chloride tetrahydrate (MnCl2.4H2O, >99%) as a source of manganese ions, and variable 

concentrations of 0.1 M and 0.2 M cobalt nitrate hexahydrate [Co(NO3)2.6H2O, >98%] as a source 

of cobalt ions. Besides, 0.5 M (NH4)2SO4 was added as a modifier of the coating morphology, and 

0.5 M H3BO3 was used as a pH stabilizer during the preparation of each solution bath. H2SO4 

(96%), HCl (35-38%), and KOH (85%) were purchased from Chempur Company (Karlsruhe, 

Germany). Moreover, two binary electrode compositions were also fabricated likewise to compare 

the catalytic activity as catalyst-samples. All reagents were dissolved in ultrapure DI water with a 

resistivity of 18.2 MΩ.cm at acidic conditions (1.5 M H2SO4 and 1 M HCl). The electrodeposition 
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temperature was maintained at 25°C and the pH of the solution was ca. 1. The compositions of 

formulated solution baths and the electroplating conditions used for the fabrication of catalysts and 

catalyst-samples are listed in Table 1.  

After electroplating the electrodes, NiMnCo/Ti electrocatalysts were removed, thoroughly 

rinsed with deionized water, air-dried at room temperature, marked and carefully stored for 

subsequent investigations. The synthesized electrocatalysts were denominated as NiMnCo/Ti-n 

(n=1, 2), according to the molar concentrations of Co2+ ions in the solution baths (herein, we 

simplified the catalysts’ acronyms with integer numbers. The 3D NiMnCo/Ti-1 and NiMnCo/Ti-2 

electrodes were electrochemically synthesized from the bath solutions with Co2+ ion concentrations 

of 0.1 M and 0.2 M, respectively). The natural seawater was collected from the Baltic Sea coastline 

(Klaipėda seashore region, Lithuania, 55°42′45″ N, 21°08′06″ E). 

 

Table 1. The composition of the electrochemical baths and electroplating condition parameters. 

Catalysts 
Concentration (M) Plating conditions 

Ni2+ 

(aq)
 

Mn2+ 

(aq)
 

Co2+ 

(aq)
 

(NH4)2SO4 H3BO3 pH* T, 
(℃) 

j, 
(mA cm⁻2) 

t, 
(min) 

NiCo/Ti 0.2 - 0.2 0.5 0.5 ~1 25 50** 
100*** 

10 
5 

NiMn/Ti 0.2 1.0 - 0.5 0.5 ~1 25 50** 
100*** 

10 
5 

NiMnCo/Ti-1 0.2 1.0 0.1 0.5 0.5 ~1 25 50** 
100*** 

10 
5 

NiMnCo/Ti-2 0.2 1.0 0.2 0.5 0.5 ~1 25 50** 
100*** 

10 
5 

* 1.5 M H2SO4 and 1 M HCl 
** Current density during 1st step of electrodeposition 
*** Current density during 2nd step of electrodeposition 

 

2.2 Structural Characterization 

To analyse the electrodes, scanning electron microscopy (SEM) using an SEM workstation, 

TM 4000 Plus, with an AZtecOne detector (HITACHI, Tokyo, Japan) was used to determine the 

microstructural surface morphology of the synthesized NiMnCo/Ti-1, NiMnCo/Ti-2 

electrocatalysts and bimetallic catalyst-samples. The loadings of Ni, Mn and Co to Ti substrate 

were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) 

analysis. The ICP-OES spectra were recorded using an Optima 7000DV spectrometer (Perkin 
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Elmer, Waltham, MA, USA) at wavelengths of 𝛌Ni 231.604 nm, 𝛌Mn 257.610 nm and 𝛌Co 228.616 

nm. 

 

2.3 Electrochemical Measurements 

The electrochemical investigations have been carried out to determine the electrocatalytic 

HER performance via linear sweep voltammetry (LSV) using a potentiostat PGSTAT302 through 

Electrochemical Software (Nova 2.1.4, Metrohm Autolab B.V., Utrecht, The Netherlands). A 

three-electrode system consisting of a saturated calomel electrode (SCE) as a reference electrode, 

a graphite rod as a counter electrode and binder-free directly deposited NiMnCo/Ti electrocatalysts 

with a geometric area of 2 cm2 were employed as working electrodes. All applied potentials in the 

three-electrode system corresponding to SCE were calibrated to the reversible hydrogen electrode 

(RHE) by using the following equation: 

ERHE = ESCE + 0.242 V + 0.059 V × pHsolution (1) 

The electrocatalytic activity of synthesized electrocatalysts was evaluated in alkaline media 

as well as simulated seawater (SSW) and alkaline natural seawater (ASW). The alkaline electrolyte 

was aqueous 1.0 M KOH solution prepared by weighing an equivalent amount of KOH pellets and 

dissolving in the required volume of DI water (pH ∼14). Besides, SSW was prepared by weighing 

0.5 M equivalent of NaCl salt and 1.0 M equivalent of KOH pellets and solvating together in a 

measured volume of DI water (pH ∼14) whereas, the ASW was formulated by dissolving 1.0 M 

equivalent of KOH pellets in a certain volume of collected natural seawater, filtering out the cloudy 

insoluble metal hydroxides and collecting the clean filtrate (pH ∼14). 

The electrocatalytic activity for HER was evaluated by recording LSV polarization curves in 

all three electrolytes, 1.0 M KOH, SSW (1 M KOH + 0.5 M NaCl) and ASW (1 M KOH + natural 

seawater) at the temperature range from 25℃ to 75℃. Prior to investigations, working electrolytes 

were deaerated with argon (Ar) for 20 min. The LSVs were recorded from the open circuit potential 

(OCP) to -0.43 V (vs. RHE) at a potential scan rate of 10 mV s⁻1. Moreover, the long-term stability 

of the fabricated optimum NiMnCo/Ti-2 electrocatalyst was evaluated by recording the 

chronoamperometry (CA) curves at a constant potential of -0.23 V (vs. RHE) and 

chronopotentiometry (CP) curves at a constant current density of 10 mA cm⁻2 for 50 hours. 

Moreover, the robustness and excellent durability of optimized NiMnCo/Ti-2 electrocatalyst was 

also evaluated by a multi-step chronopotentiometry test with current densities ranging from 
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20 mA cm⁻2 to 100 mA cm⁻2 in alkaline media and SSW, indicating sustainability, anti-corrosion 

property (resistance in Cl- ion-rich seawater), structural integrity and suitability for use in practical 

seawater splitting applications. 

Moreover, the electrochemically active surface area (ECSA) of NiMnCo/Ti-2 was 

determined by measuring the double layer capacitance (Cdl), as outlined in the reference [75]. In 

summary, CVs were recorded at different scan rates within the non-Faradaic region of a 1.0 M 

KOH solution. 

 

3. Results and discussion 

The enhanced electrocatalytic performance and superior long-term stability of the electrodes 

depend on the intrinsic and synergistic effects of the metal components, as well as their composition 

and the microstructural morphology of the electrocatalysts. The surface morphology of the 

optimized electrocatalyst was characterized by scanning electron microscopy (SEM), as shown in 

Fig. 1. The SEM image of the NiMnCo/Ti-2 electrocatalyst reveals a cauliflower curd-shaped 

microspherical architecture directly deposited on the conductive Ti substrate via a facile one-step 

electrodeposition method. These densely packed microspheres uniformly cover the entire substrate 

surface (Fig. 1a). A higher-magnification SEM image (Fig. 1a’) further illustrates the distinct 

microspheres, each with diameters ranging from approximately 7-14 µm, evenly distributed across 

the surface. 

The NiMnCo/Ti-1 electrocatalyst also exhibits a similar microspherical morphology; 

however, the grains appear less well-defined and more integrated into larger chunks, as observed 

in Fig. 1b. In contrast, the bimetallic NiCo/Ti sample shows a rough and porous clustered surface 

morphology, with finer granularity within each cluster (Fig. 1c). Meanwhile, the NiMn/Ti electrode 

displays an uneven surface texture with noticeable variations in roughness (Fig. 1d). 

The ICP-OES analysis was used to determine the metal loadings of the synthesized 

electrocatalysts, and the results are summarized in Table 2. The 3D ternary NiMnCo/Ti-1 and 

NiMnCo/Ti-2 electrocatalysts contained approximately 15.7–19.6 wt.% Ni, 20.4–27.8 wt.% Mn, 

and 52.6–63.8 wt.% Co. 
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Figure 1. SEM views of synthesized 3D NiMnCo/Ti-2 (a, a’), NiMnCo/Ti-1 (b) electrocatalysts 

and bimetallic NiCo/Ti (c) and NiMn/Ti (d) catalyst-samples 

 

 

 

  

(c)NiCo/Ti (b)NiMnCo/Ti-1 

(a’)NiMnCo/Ti-2 (a)NiMnCo/Ti-2 

(d)NiMn/Ti 
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Table 2. Summarized ICP-OES results of the studied electrocatalysts and catalyst-samples.  

Catalyst Ni loading 
(µgNicm⁻2) 

Mn loading 
(µgMncm⁻2) 

Co loading 
(µgCocm⁻2) 

Total metal loading 
(µgmetalcm-2) 

Wt.% 
Ni Mn Co 

NiCo/Ti 167.1 - 560.5 727.6 22.97 - 77.03 
NiMn/Ti 106.18 128.58 - 234.76 45.23 54.77 - 

NiMnCo/Ti-1 49.09 63.7 198.96 311.75 15.75 20.43 63.82 
NiMnCo/Ti-2 68.75 97.55 184.35 350.65 19.6 27.82 52.58 

 

4. Electrochemical Investigations for HER 

4.1 In alkaline freshwater (1.0 M KOH) 

The electrocatalytic HER performance of the fabricated catalysts was initially evaluated in 

an Ar-saturated alkaline media (1.0 M KOH) by recording LSVs using a three-electrode 

electrochemical cell. The LSV investigation of as-prepared electrocatalysts was carried out at а 

potential scan rate of 10 mV s⁻1 from open-circuit potential (OCP) to -0.43 V (vs. RHE) in a 

temperature range from 25℃ up to 75℃, as shown in Fig. 2a. Both electrodes were prepared at 

least three times using each solution bath and the LSV analysis was conducted and obtained results 

were registered for each electrode to check the repetitiveness of performance. 

The corresponding HER polarization curve of self-supported 3D NiMnCo/Ti-2 catalyst 

clearly demonstrated the enhanced catalytic activity over NiMnCo/Ti-1 electrode as different molar 

ratios of Co2+ ions (Table 1) in the solution baths and resultant variable Co-loading on both 

electrocatalysts (Table 2) strongly determine the electrocatalytic performance. The current density 

increased ca. 1.7 times with the increase of temperature from 25℃ up to 75℃ for both electrodes. 

The polarization curves of the fabricated 3D NiMnCo/Ti-1, NiMnCo/Ti-2 electrocatalysts, 

along with two bimetallic catalyst-samples NiMn/Ti and NiCo/Ti (for comparison) were recorded 

at 25℃ and exhibited in Fig. 2b. 

The LSV plots demonstrated in Fig. 2b were used to extract the corresponding Tafel plots 

for those fabricated electrodes and samples. The Tafel slope is a pivotal parameter in determining 

the electrochemical kinetics and the rate-determining step of a reaction. As shown in Fig. 2c, the 

Tafel slope values were found to be 210, 231, 169 and 137 mV dec⁻1 for the synthesized 3D ternary 

NiMnCo/Ti-1, NiMnCo/Ti-2 electrocatalysts, and binary NiMn/Ti and NiCo/Ti sample electrodes, 

respectively. Moreover, the elevation of the column bars exhibited in Fig. 2d denoted the required 

overpotentials to achieve the benchmark current densities of 10, 20, and 50 mA cm⁻2. 
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Figure 2. HER polarization curves of 3D NiMnCo/Ti catalysts in 1.0 M KOH at 10 mV s⁻1 
potential scan rate and 25 to 75℃ temperature range (a). LSVs at only 25℃ temperature along 
with sample-catalysts (b), the corresponding extracted Tafel plots (c) and the required 
overpotentials to reach the current densities of 10, 20 and 50 mA cm⁻2 (d) 

 

As demonstrated in Fig. 2d, the NiMnCo/Ti-2 electrocatalyst exhibits superior HER activity 

in alkaline electrolyte (1.0 M KOH) with the required lowest overpotential of 66 mV to attain the 

benchmark current density of 10 mA cm⁻2 at 25℃. Nevertheless, the electrocatalytic activity of 

NiMnCo/Ti-2 electrocatalyst outperforms the respective NiMnCo/Ti-1 electrocatalyst (η10 = 99 

mV) and fabricated both binary NiMn/Ti (η10 = 245 mV) and NiCo/Ti (η10 = 283 mV) sample 

electrodes (Table 3). 
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Table 3. Summarized electrochemical data of the investigated catalysts toward HER in alkaline 
media (1.0 M KOH) 

 

Catalysts 
j (mA cm⁻2) in several temperatures at  

-0.43 V(vs. RHE) η10 (mV) at 
25℃ 

Tafel slope 
(mV dec⁻1) 

25℃ 35℃ 45℃ 55℃ 65℃ 75℃ 
NiCo/Ti 61.6 - - - - - 283 137 
NiMn/Ti 58 - - - - - 245 169 

NiMnCo/Ti-1 95.5 105.7 119.8 132.6 147.4 163.3 99 231 
NiMnCo/Ti-2 108.3 120.2 128.6 142.9 163.8 183.8 66 210 

 

Table 4. Comparison of electrocatalytic HER performance of as-synthesized electrocatalyst in 

alkaline electrolytes (1.0 M KOH) with other recently reported non-noble metal-based electrodes. 

Electrocatalysts Overpotential  
ηx (mV) 

Tafel slope 
(mV dec-1) Stability analysis Ref. 

NiMnCo/Ti-2 66 (η10) 210 50h@10 mA cm⁻2 This work 
NM@cNF/aNFO 57.3 (η10) 59.9 - [76] 

Co(OH)2@NiFe/NF 87 (η10) 74 - [77] 
NF/Ni 71 (η10) 82.8 120h@50 mA cm⁻2 [78] 

CF/Ni-Ni(OH)2-300 73 (η10) 33 100h@η=150 mV [79] 
NiFeO/NiMoO/NF 46 (η10) 85 140h@100 mA cm⁻2 [80] 

NiP2/NiSe2 89 (η10) 65.7 90h@10 mA cm⁻2 [81] 
Co7Fe3/Co-600 68 (η10) 55.8 100h@10 mA cm⁻2 [82] 

Ni2P-CoCH/CFP 62 (η10) 76 90h [83] 
Ni-Se-Lu/NF 52 (η10) 63.8 70h@10 mA cm⁻2 [84] 

MoMn-NiCoS 70 (η10) 133.1 50h@10 mA cm⁻2 [85] 
MoCoNiS@NF 114 (η10) 88 24h@10 mA cm⁻2 [86] 

Mo-Ni3S2/CoFeOH/NF 109 (η10) 111 60h@100 mA cm⁻2 [87] 
CoP-NC/PET 63 (η10) 48.09 15h@10 mA cm⁻2 [88] 
MnCoPi-100 102 (η10) 102.24 48h@100 mA cm⁻2 [89] 
Co/CoP@NC 142 (η10) 67 15h@50 mA cm⁻2 [90] 

Ni-Fe-Sn 103 (η10) 97.4 50h@10 mA cm⁻2 [91] 
NiFeS/NF 75 (η10) 60.23 50h@-0.15 V  [92] 

Cu-Co-P/NF 64 (η10) 40 50h@10 mA cm⁻2 [93] 
CoFeNiP/NF-0.1 75.6 (η10) 63 100h@100 mA cm⁻2 [94] 

a-Ni2Fe/NF 183 (η100) 89.68 24h@-0.18 V (RHE) [95] 
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4.2 In simulated and alkaline natural seawater 

Though both binder-free, self-supported 3D NiMnCo/Ti-1 and NiMnCo/Ti-2 electrocatalysts 

have performed to be outstanding electrocatalysts towards HER in alkaline media using freshwater 

(DI water), thorough investigations have been carried out to explore the electrocatalytic 

performance towards more practical, feasible and natural resource-based seawater media. For 

investigation, an artificial or mimic seawater electrolyte has been formulated with a similar salinity 

(0.5~0.6 M) of natural seawater using 0.5 M NaCl with 1.0 M KOH (herein, simulated seawater, 

SSW) and alkaline seawater was prepared using natural seawater as mentioned above (Section 2.3). 

The electrocatalytic HER performance was evaluated by recording linear sweep 

voltammograms in Ar-deaerated SSW and ASW individually at а potential scan rate of 10 mV s⁻1 

from open-circuit potential (OCP) to -0.43 V (vs. RHE) in a temperature range from 25℃ up to 

75℃, as shown in Fig. 3a. The continuity of obtained results was examined via monitoring LSVs 

of multiple (at least three) electrodes fabricated from identical bath solutions. Fig. 3b shows the 

LSV curves of the obtained electrocatalysts and samples at 25℃, from which the overpotentials 

achieved at different current densities can be determined in SSW. An impressive HER performance 

of synthesized NiMnCo/Ti-2 electrocatalyst was recorded in formulated SSW as required an ultra-

low overpotential of 29 mV to reach the benchmark current density of 10 mA cm⁻2 (Table 5), which 

outperforms fabricated 3D NiMnCo/Ti-1 (η10 = 89 mV), NiMn/Ti (η10 = 195 mV) and NiCo/Ti 

(η10 = 267 mV). Besides, we also explored the Tafel slope of each fabricated electrocatalyst and 

catalyst-samples, as shown in Fig. 3c. The optimized NiMnCo/Ti-2 electrocatalyst presents a Tafel 

slope of 188 mV dec⁻1, whereas NiMnCo/Ti-1, NiMn/Ti and NiCo/Ti have a Tafel slope of 148, 

192 and 141 mV dec⁻1, respectively. From the LSV curves, the overpotentials of each electrode to 

reach current densities of 10, 20, and 50 mA cm⁻2 in SSW are calculated, as exhibited with column 

bars in Fig. 3d. 
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Figure 3. HER polarization curves of 3D NiMnCo/Ti electrocatalysts in SSW and ASW at a 
potential scan rate of 10 mV s⁻1 in 25 to 75℃ temperature range (a), LSVs at only 25℃ temperature 
along with sample-catalysts (b, e), the corresponding extracted Tafel plots (c, f) and the required 
overpotentials to reaching the current densities of 10, 20 and 50 mA cm⁻2 (d, g) in SSW and ASW, 
respectively  
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Table 5. Summarized electrochemical data of the investigated catalysts toward HER in 

simulated seawater, SSW (1.0 M KOH + 0.5 M NaCl) 

Catalysts 
j (mA cm⁻2) in several temperatures at  

-0.43 V(vs. RHE) η10 (mV) at 
25℃ 

Tafel slope 
(mV dec⁻1) 

25℃ 35℃ 45℃ 55℃ 65℃ 75℃ 
NiCo/Ti 79.7 - - - - - 267 141 
NiMn/Ti 76.7 - - - - - 195 192 

NiMnCo/Ti-1 119.5 131.2 152.5 167.6 183.4 199.9 89 148 
NiMnCo/Ti-2 142.5 157.4 170.8 179.3 198.9 209.4 29 188 

 

Comparing the HER activity in SSW, the polarization curves in ASW were also summarized 

and depicted in Fig. 3e at 25℃ temperature, where the recorded current densities were marginally 

declined. Corresponding Tafel slopes of each electrode were extracted using the LSV plots and 

demonstrated in Fig. 3f. Tafel slope values of 178, 183, 177, and 144 mV dec⁻1 were derived for 

NiMnCo/Ti-2, NiMnCo/Ti-1, NiMn/Ti and NiCo/Ti, respectively (Table-6). The optimized 

NiMnCo/Ti-2 electrocatalyst demonstrated outstanding catalytic performance in adverse ASW, as 

the overpotential demand to attain the benchmark current densities of 10, 20, and 50 mA cm⁻2 were 

only 59, 111 and 210 mV, respectively. The comparison bar chart, as presented in Fig. 3g 

comprehensibly proves the astounding performance of NiMnCo/Ti-2 electrocatalyst outperforming 

respective synthesized electrodes. 

 

Table 6. Summarized electrochemical data of the investigated catalysts toward HER in alkaline 

seawater, ASW (1.0 M KOH + natural seawater) 

 

Catalysts 
j (mA cm⁻2) in several temperatures at  

-0.43 V(vs. RHE) η10 (mV) at 
25℃ 

Tafel slope 
(mV dec⁻1) 

25℃ 35℃ 45℃ 55℃ 65℃ 75℃ 
NiCo/Ti 75.8 - - - - - 270 144 
NiMn/Ti 68.8 - - - - - 205 177 

NiMnCo/Ti-1 116.7 130.4 143.4 156.3 167.9 178.9 99 183 
NiMnCo/Ti-2 141.1 153.1 172.4 186.7 197.2 207.8 59 178 
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Table 7. Comparison of electrocatalytic HER performance of as-synthesized electrocatalyst in 

simulated/alkaline natural seawater with other recently reported non-noble metal-based electrodes. 

Electrocatalysts Electrolyte Overpotential 
ηx (mV) 

Tafel slope 
(mV dec⁻1) Stability analysis Ref. 

NiMnCo/Ti-2 SSW* 
ASW* 

29 (η10) 
59 (η10) 

188 
178 

50h@10 mA cm⁻2 
50h@10 mA cm⁻2 

This 
work 

MoMn-NiCoS SSW 
ASW 

69 (η10) 
73 (η10) 

130.3 
134.4 

- [85] 

Co2Mo3O8/MoO2/NF ASW 23 (η10) 20 100h@100 mA cm⁻2 [96] 
Mo-NiS@NiTe/NF ASW 57 (η10) 57 100h@10 mA cm⁻2 [97] 

Ni@CNTs-MoxC/Ni2P SSW 
Seawater 

65.4 (η10) 
65.9 (η10) 

- 
- 

50h@50 mA cm⁻2 
50h@50 mA cm⁻2 

[98] 

(NiFeCoV)S2 SSW 
ASW 

96 (η10) 
110 (η10) 

- 
- 

50h@100 mA cm⁻2 
- 

[99] 

Co-P@NN SSW 55 (η10) 61.5 2880h@500 mA cm⁻2 [100] 
Mn0.25Ni0.75O ASW 115 (η10) 70 125h@100 mA cm⁻2 [101] 
NC@CrN/Ni ASW 28 (η10) 42 50h@1000 mA cm⁻2 [102] 

CNMRO ASW 97 (η10) - 24h@50 mA cm⁻2 [103] 
Ni-NiMoO4/NF ASW 27 (η10) 25.2 120h@100 mA cm⁻2 [104] 

Mox-Ni0.85Se/MoSe2 SSW 110 (η10) 86.19 80h@20 mA cm⁻2 [105] 

NiFe@BNGC-700 SSW 
ASW 

297 (η50) 
298 (η50) 

- 
- 

12h@50 mA cm⁻2 
12h@50 mA cm⁻2 

[106] 

Co-NiP@VP/NF ASW 164 (η100) 65.41 - [107] 

(FeCoCu)30(Al70Mo30)70 SSW 
ASW 

137.14 (η100) 
137.54 (η100) 

46.66 
49.08 

100h@100 mA cm⁻2 
250h@η=296 mV 

[108] 

S-NiMoO4@NiFe-LDH SSW 170 (η100) 69 20h [109] 
* SSW - Simulated Seawater; *ASW - Alkaline Seawater 

 

Furthermore, the electrochemically active surface area (ECSA) of the synthesized 3D 

NiMnCo/Ti-2 electrocatalyst was determined from the measurements of double layer capacitance 

(Cdl) by recording CV curves in the 1 M KOH solution at various scan rates (5-50 mV s⁻1) in the 

non-faradaic region (Figure 4). 

The charging current, Ic, of the electrodes at each scan rate was determined from the CVs via 

Equation (2): 

Ic [A] = (Ianodic-Icathodic)OCP (2) 
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Cdl values were evaluated by plotting a graph of charging current vs. scan rate and calculating 

the slope, as shown by Eq. (3): 

Slope = Cdl [F] = ΔIc [A]/Δν [V s⁻1] (3) 

Subsequently, the ECSA value for optimized NiMnCo/Ti-2 electrocatalyst was calculated 

using the specific capacitance (Cs) value of 40 μF cm⁻2 [75] and Eq. (4): 

ECSA [cm2] = Cdl [μF]/Cs [μF cm⁻2] (4) 

Cdl was found to be 11.88 mF and the calculated ECSA value for NiMnCo/Ti-2 was 297 cm2, 

which is significantly larger than the geometric area of the catalyst. The NiMnCo/Ti-2 catalyst 

exhibited a high surface area, indicative of a high number of active sites and, consequently, 

significant electrocatalytic activity for HER. 

 
Figure 4. CVs of NiMnCo/Ti-2 in N2-saturated 1 M KOH in the non-faradaic potential region at 
different scan rates. The inset represents capacitive current as a function of scan rate. 
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4.3 Electrocatalytic stability studies for HER 

The stability of electrocatalysts is crucial because it affects not only the efficiency but also 

the long-term economic viability, cost-effectiveness and scalability of industrial applications via 

electrochemical processes. As the direct electrolysis of seawater as a hydrogen source offers 

significant financial and environmental benefits compared to freshwater, seawater splitting faces 

major challenges due to the complex and harsh electrolyte conditions, including high salinity, the 

presence of chloride ions (Cl⁻), and other impurities leading to catalyst deactivation. This can 

seriously contribute to compromise the long-term durability of the electrode materials due to 

surface passivation and leaching. A stable catalyst ensures the desired reactions to take place at a 

consistent rate for an extended period of time. Hence, the catalysts' activity and selectivity should 

be maintained under reaction conditions for a longer time span without substantial degradation or 

deactivation. 

To address this critical factor and to evaluate the applicability of as-synthesized 

electrocatalysts for practical use with enhanced longevity, the stability of the optimized 

NiMnCo/Ti-2 catalyst was investigated by long-time operation assessments under all three reaction 

conditions. The durability of the optimized NiMnCo/Ti-2 electrocatalyst was evaluated by 

conducting long-time chronopotentiometry (CP) at a fixed current density of 10 mA cm⁻2 and 

chronoamperometry (CA) at a constant potential of -0.23 V (vs. RHE) for 50 hours at 25°C. 

Nevertheless, a multi-step CP analysis with current densities ranging from 20 mA cm⁻2 to 

100 mA cm⁻2 was also carried out in 1.0 M KOH and simulated seawater for 18 hours to prove the 

robust nature, sustainable durability and suitability of the synthesized catalyst for practical 

seawater-splitting applications. The findings as demonstrated in Fig. 5a, the NiMnCo/Ti-2 

electrocatalyst exhibits superior electrocatalytic stability by chronopotentiometric analysis at a 

constant current density of 10 mA cm⁻2 for 50 hours in an alkaline media, ASW and SSW. It is 

noteworthy that the CP investigation performed in SSW results in an insignificant potential decline 

of only 3.7 mV after 50 hours of continuous operation, whereas a modest 8.2 mV and 20.9 mV 

potential fluctuation were recorded in 1.0 M KOH and ASW electrolyte, respectively. 
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Figure 5. Chronopotentiometry (a) and chronoamperometry (b) plots of optimized NiMnCo/Ti-2 
electrocatalyst at a constant current density of 10 mA cm⁻2 and at a fixed potential of -0.23 V (vs. 
RHE) for 50 h in 1.0 M KOH, alkaline seawater and simulated seawater, respectively 

 

Fig. 5b illustrates the chronoamperometric investigations of the optimized NiMnCo/Ti-2 

electrocatalyst at a static potential of -0.23 V (vs RHE) for 50 hours under all three investigating 

electrolytes where ca. 91-97% current densities retained throughout the investigations. Such 

negligible decline in current densities indicates that the electrocatalyst remained in good structural 

conditions without major corrosion and degradation even under aggressive seawater media. 

Finally, the long-term durability of prepared optimized NiMnCo/Ti-2 electrocatalyst was 

investigated by multi-step chronopotentiometric investigations under alkaline media (Figure 6a) 

and SSW electrolyte (Figure 6b) to examine the longevity and scope of practical use for seawater 

electrolysis. These chronopotentiometric investigations were carried out by applying variable 

current densities from 20 mA cm⁻2 to 100 mA cm⁻2 for 18 hours in consecutive ascending-

descending order. The recorded results also vividly highlight the exceptional long-term stability 

Time (h)
0 10 20 30 40 50

j /
 m

A
 c

m
-2

-70

-60

-50

-40

-30

-20
1.0 M KOH
ASW (1.0 M KOH+Seawater)
SSW (1.0 M KOH+0.5 M NaCl)

NiMnCo/Ti-2

@ -0.23 V (vs. RHE)

Current retention ( j50/j1)
90.92%
96.85%

92.25%

@ 10 mA cm-2

Time (h)
0 10 20 30 40 50

E
 / 

V
 (R

H
E

)

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

1.0 M KOH
ASW (1.0 M KOH+Seawater)
SSW (1.0 M KOH+0.5 M NaCl)

NiMnCo/Ti-2
-0.0682 V -0.0645 V

-0.1487 V

-0.1056 V -0.0847 V

-0.1405 V

V= 3.7 mV

V= 8.2 mV

V= 20.9 mV

@ 10 mA cm-2

(b)

(a)

166



and structural integrity of the optimized NiMnCo/Ti-2 electrocatalyst in these comparably adverse 

conditions. 

 

Figure 6. A multi-step chronopotentiometric analysis in 1.0 M KOH (a) and SSW (b) with variable 
current densities from 20 mA cm⁻2 to 100 mA cm⁻2 for 18 hours 
 

5. Conclusion 
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of 29, 59, and 66 mV in SSW, ASW, and 1.0 M KOH, respectively. Moreover, it required only 

195, 210, and 277 mV to reach 50 mA cm⁻2 in the respective electrolytes. 

This enhanced HER activity can be attributed to the significantly larger electrochemically 

active surface area (ECSA) of the 3D NiMnCo/Ti-2 electrode, which likely provides a high density 

of active sites. Additionally, the NiMnCo/Ti-1 electrocatalyst also exhibited promising HER 

activity with low overpotentials of 99 mV (1.0 M KOH and ASW) and 89 mV (SSW) to achieve 

10 mA cm⁻2. 

Long-term stability was confirmed by chronoamperometric (CA) and chronopotentiometric 

(CP) tests over 50 hours in all three electrolytes. The NiMnCo/Ti-2 electrode retained over 90% of 

its initial current, with only minor potential fluctuations (ca. 4-21 mV). In alkaline seawater, the 

electrode exhibited slight instability and moderate fluctuations during CA and CP measurements, 

likely due to the formation of white precipitates on the electrode surface and the presence of 

contaminants in the electrolyte. Nevertheless, long-term durability was preserved throughout the 

study, despite these challenges. Notably, the electrocatalyst maintained excellent stability during 

multi-step chronopotentiometry under high and variable current densities over extended operation 

in both 1.0 M KOH and SSW media. 

These findings demonstrate that the as-fabricated NiMnCo/Ti-2 electrode is a highly 

efficient, low-cost, and durable HER electrocatalyst, showing great potential for practical seawater 

and freshwater electrolysis. Its excellent catalytic activity and long-term operational stability make 

it a strong candidate for large-scale green hydrogen production from real seawater. 
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