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Abstract 

Advanced Electrode Design for High-Rate Water Splitting 

By Qiu Ren 

Electrochemical water splitting provides promising technology for green 

hydrogen production. Among different electrolysis technologies, alkaline water 

splitting is attractive because it can use earth-abundant electrode materials and 

relatively low-cost materials. However, efficient operation at industrially relevant 

current densities remains challenging due to gas bubble accumulation, ion-transport 

resistance, sluggish anodic kinetics. These limitations become more severe under 

high-rate conditions, where rapid gas generation and fast ionic consumption can 

reduce electrode-electrolyte contact and increase the overall cell voltage. 

This dissertation focuses on advanced electrode design and interfacial 

engineering strategies to address these challenges. First, nickel nanocone-modified 

surfaces were developed to improve gas bubble detachment. The nanocone 

structures created a superaerophobic interface, leading to shorter bubble residence 

times and smaller bubble detachment sizes during both the hydrogen evolution 

reaction and oxygen evolution reaction. Simulations and high-speed imaging 

confirmed that the nanocone geometry reduced bubble adhesion and promoted rapid 

gas release. Consequently, nanocone-modified nickel foil, foam, and 3D-printed 

lattice electrodes showed reduced overpotentials at high current densities, and a 

two-electrode device using nanocone-modified lattice electrodes operated stably for 

up to100 h. 

Second, a 3D-printed interpenetrating gyroid electrode architecture was 

designed to improve ion transport. This structure consists of two independent but 
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spatially interwoven electrode networks, reducing the interelectrode distance while 

maintaining ordered channels for electrolyte transport. Simulations showed more 

uniform ion concentration profiles and smoother electric potential gradients than 

separated gyroid electrodes. Electrochemical measurements further revealed lower 

solution and charge-transfer resistances, confirming improved ionic transport and 

reaction accessibility. The architecture also maintained stable long-term operation 

and could be combined with catalyst modification to enhance water-splitting 

activity. 

Finally, urea electrooxidation was investigated as an alternative anodic 

reaction to replace oxygen evolution for more energy-efficient hydrogen production. 

A valence-state engineering strategy was developed through controlled 

sulfurization to form nickel sulfide catalysts with enriched Ni3+ species, which are 

recognized as the active sites for the urea oxidation. The optimized nickel sulfide 

catalyst exhibited enhanced urea oxidation activity compared with nickel hydroxide. 

The results showed that sulfurization modulated the Ni3+/Ni2+ ratio and catalytic 

surface environment, facilitating charge transfer and lowering the energy barrier for 

C-N bond cleavage. The catalyst was further integrated into a 3D-printed 

interpenetrating electrode device and evaluated under flow-cell conditions. 

Overall, this dissertation demonstrates that surface morphology, electrode 

architecture, catalyst chemistry, and device configuration must be jointly optimized 

to improve high-rate alkaline water splitting. By addressing gas bubble 

accumulation, ion-diffusion limitations, and anodic energy loss, this work provides 

practical design principles for efficient and stable electrochemical hydrogen 

production under industrially relevant conditions.  
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Chapter 1 

Introduction of Electrochemical Water Splitting 

Abstract 

Hydrogen is considered a promising clean energy carrier because of its high 

gravimetric energy density and carbon-free emission during use. However, 

hydrogen does not naturally exist as a free gas in large quantities and must be 

produced from hydrogen-containing compounds. At present, most hydrogen is 

produced through fossil-fuel-based processes, which are well established but 

generate greenhouse gases and other pollutants. In contrast, electrochemical water 

splitting provides a more sustainable strategy for hydrogen production because 

water serves as the hydrogen source and the required electricity can be supplied by 

renewable energy sources such as solar and wind power. 

This chapter introduces the background and fundamentals of electrochemical 

water splitting. First, the motivation for green hydrogen production is discussed, 

followed by a comparison of major water splitting technologies, including alkaline 

water splitting, proton exchange membrane electrolysis, and solid oxide electrolysis 

cells. The basic reaction mechanisms of the hydrogen evolution reaction and 

oxygen evolution reaction are then summarized. Special attention is given to high-

rate water splitting, where practical operation requires high current density, long-

term stability, and low cell voltage. Under these conditions, gas bubble 

accumulation, ion-diffusion limitations, and sluggish oxygen evolution kinetics 

become major challenges. Finally, strategies such as electrode architecture design, 

surface/interface engineering, catalyst modification, and the use of alternative 



2 
 

anodic oxidation reactions are introduced as important approaches to improve the 

efficiency and durability of electrochemical hydrogen production. 

1.1 Background 

Fossil fuels, including coal, petroleum, and natural gas, have been the major 

energy sources supporting industrial development and modern society for more than 

a century. However, the rapid growth of the global population and economy has 

greatly increased energy consumption and accelerated the depletion of fossil fuel 

reserves. Since fossil fuels require geological timescales to form, they are 

nonrenewable on a human timescale. Their extensive use also releases large 

amounts of greenhouse gases and pollutants, leading to serious environmental and 

climate concerns. These issues have motivated the search for cleaner and more 

sustainable energy sources.1 

Hydrogen has received increasing attention as a clean energy carrier because 

of its high gravimetric energy density and carbon-free nature during use.2 When 

produced from renewable energy, hydrogen can also serve as a way to store 

intermittent electricity from solar and wind power in the form of chemical energy. 

Therefore, sustainable hydrogen production is considered an important component 

of future low-carbon energy systems. However, most hydrogen is still produced 

through fossil-fuel-based processes, which limits its environmental benefits.3 

Developing efficient and sustainable routes for green hydrogen production is 

therefore essential. 

Electrochemical water splitting is one of the most promising technologies for 

producing green hydrogen.4 In this process, water is converted into hydrogen and 

oxygen using electricity. When the electricity is supplied by renewable sources, 
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water splitting provides a direct pathway to generate hydrogen with zero carbon 

emissions. Compared with fossil-fuel-based hydrogen production, electrochemical 

water splitting can operate under relatively mild conditions and can be integrated 

with renewable electricity sources, making it an attractive strategy for sustainable 

energy conversion and storage. 

1.2 Water splitting technologies 

Several water splitting technologies have been developed, including proton 

exchange membrane electrolysis, alkaline water splitting, and solid oxide 

electrolysis cells.5 Although these systems differ in electrolyte, membrane, 

operating temperature, and electrode materials, they share the same basic principle: 

the hydrogen evolution reaction occurs at the cathode, while the oxygen evolution 

reaction occurs at the anode. 

Proton exchange membrane electrolysis generally operates under acidic 

conditions and uses a proton-conducting polymer membrane. The high proton 

conductivity of the membrane allows PEM electrolyzers to operate at high current 

densities with relatively low ohmic losses. However, the acidic environment 

requires noble-metal-based catalysts, such as Pt for the hydrogen evolution reaction 

and Ir- or Ru-based oxides for the oxygen evolution reaction.6 The high cost and 

limited abundance of these materials remain major barriers to large-scale 

deployment. 

In contrast, alkaline water splitting is more cost-effective because it can use 

non-precious-metal electrodes and more affordable separators or diaphragms in 

alkaline electrolytes. Nickel-based materials, in particular, have been widely used 

and investigated as promising electrodes for alkaline water electrolysis. However, 
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compared with PEM systems, alkaline electrolyzers often suffer from slower 

reaction kinetics, higher ionic resistance, and more pronounced mass-transport 

limitations, especially under high-current-density operation. These issues can 

increase the required cell voltage and reduce energy efficiency.7 

Solid oxide electrolysis cells operate at much higher temperatures, typically 

several hundred degrees Celsius. The high operating temperature can improve 

reaction kinetics and energy efficiency, but it also creates challenges related to 

material degradation, thermal stability, sealing, and long-term durability.8 Therefore, 

although solid oxide electrolysis cells technology is promising, further 

improvements in materials stability and system lifetime are still needed. 

Among these technologies, alkaline water splitting is particularly attractive for 

large-scale hydrogen production because of its low cost and compatibility with 

earth-abundant catalysts. However, achieving efficient and stable alkaline water 

splitting at industrially relevant current densities remains challenging. This 

challenge motivates the development of advanced catalysts, electrode architectures, 

and electrode-electrolyte interfaces. 

1.3 Fundamentals of water splitting 

Water splitting consists of two half-cell reactions: the hydrogen evolution 

reaction (HER) at the cathode and the oxygen evolution reaction (OER) at the anode. 

The overall efficiency of water splitting depends not only on the intrinsic kinetics 

of these reactions, but also on charge transfer, ion transport, electrolyte accessibility, 

and gas product removal. 
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1.3.1 Hydrogen evolution reaction 

The HER is a two-electron process that produces hydrogen gas at the cathode.9 

The reaction pathway depends strongly on the pH of the electrolyte. In acidic media, 

abundant protons are available, and HER generally proceeds through hydrogen 

adsorption followed by hydrogen molecule formation: 

Volmer step: 

* + H+ + e- → H* 

Heyrovsky step: 

H* + H+ + e- → H2 + * 

Or Tafel step: 

2H* → H2 + 2* 

In alkaline and neutral media, the concentration of free protons is much lower. 

Therefore, water molecules must first dissociate to generate adsorbed hydrogen 

intermediates: 

Volmer step: 

H2O + * + e- → H* + OH- 

Heyrovsky step: 

H2O + H* + e- → H2 + OH- + * 

Or Tafel step: 

2H* → H2 + 2* 

Here, * represents an active site on the catalyst surface, and H* represents an 

adsorbed hydrogen intermediate. The binding strength of H* is a key descriptor for 

HER activity. According to Sabatier principle, an efficient HER catalyst should bind 
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hydrogen neither too strongly nor too weakly.10 If the hydrogen binding is too weak, 

hydrogen adsorption becomes difficult. If the binding is too strong, hydrogen 

desorption or H-H bond formation becomes limited. Therefore, optimizing 

hydrogen adsorption free energy is essential for improving HER kinetics. 

In alkaline media, HER is generally slower than in acidic media because water 

dissociation is required before hydrogen formation. As a result, the design of 

alkaline HER catalysts must consider not only hydrogen adsorption, but also water 

activation and hydroxide desorption. 

1.3.2 Oxygen evolution reaction 

The OER is the anodic half reaction of the overall water splitting reaction. 

Unlike the HER, which is a two-electron transfer reaction, the OER is a multi-

electron transfer reaction which involves a total of four electrons.11 In acidic media, 

the steps of one proposed mechanism are as follows: 

* + H2O → *OH + H+ + e- 

*OH → *O + H+ + e- 

*O + H2O → *OOH + H+ + e- 

*OOH → * + O2 + H+ + e- 

The steps are slightly different in alkaline and neutral media and are as follows: 

* + OH- → *OH + e- 

*OH + OH- → *O + H2O + e- 

*O + OH- → *OOH + e- 

*OOH + OH- → * + O2 + H2O + e- 
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The formation and transformation of adsorbed intermediates, including *OH, 

*O, and *OOH, strongly influence OER kinetics. Because these elementary steps 

require multiple proton-coupled electron-transfer processes, OER typically shows 

larger overpotentials and slower kinetics than HER. Therefore, highly active OER 

catalysts are needed to reduce the cell voltage and improve the energy efficiency of 

water electrolysis. Noble-metal oxides such as IrO2 and RuO2 are among the most 

active OER catalysts, especially in acidic media.12 However, their high cost and 

limited abundance restrict their large-scale use. In alkaline media, transition-metal-

based catalysts, especially Ni-, Fe-, and Co-based oxides, hydroxides, and 

oxyhydroxides, have been widely investigated as cost-effective alternatives. Among 

them, NiFe-based oxyhydroxides are considered benchmark alkaline OER catalysts 

because of their high activity and relatively low cost. 

1.4 High-rate water splitting 

For industrial applications, it is essential to develop electrode materials that 

can perform effectively under industry-relevant conditions, such as high current 

density, extended operational periods, and specific pressure and temperature 

requirements. High current density is particularly important because it increases the 

rate of hydrogen production, which can reduce capital costs and improve the 

profitability of hydrogen production.13 

The ability to produce hydrogen at high rates is vital to effectively meet the 

growing demand for hydrogen in various applications, including hydrogen-powered 

fuel cell vehicles, ammonia production, and fuel cell related energy storage 

systems.14 Various governments and organizations have established technical 

targets for high-rate water splitting to address different application needs. For 
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example, the U.S. Department of Energy (DOE) has set ambitious targets for PEM 

water splitting.15 By 2026, the DOE aims to achieve a current density of 3000 mA 

cm-2 at a cell voltage of 1.8 V, with a long-term goal of reaching 3000 mA cm-2 at 

1.6 V. Similarly, the Fuel Cells and Hydrogen Joint Undertaking (FCH JU) in 

Europe has set broader targets,16 aiming for a current density of 800 mA cm-2 for 

alkaline water splitting and 2500 mA cm-2 for PEM water splitting by 2030. These 

targets are part of a broader strategy to enhance performance and reduce the costs 

of hydrogen production technologies, making them more accessible and practical 

for widespread use. However, achieving high current densities can accelerate the 

degradation of electrode materials, highlighting the need for more robust and 

durable catalysts and electrodes. Research efforts have been focused on developing 

advanced catalysts, innovating electrode architectures to improve mass transport 

and reduce overpotentials and integrating electrolysis systems with renewable 

energy sources to ensure sustainable hydrogen production. Table 1.1 summarizes 

some of the future technical performance targets, which are driving research into 

electrochemical water splitting under high current density conditions. 

Table 1.1. Summary of representative technical performance targets for high-rate 

water splitting devices. 

Source Technique Year 

Current 

density (mA 

cm-2) 

Voltage 

(V) 

Energy 

Efficiency 

(%) 

Durability 

(h) 

DOE PEM 2026 3000 1.8 69 80000 

DOE PEM Ultimate 3000 1.6 77 80000 

FC 

HJU 
PEM 2030 2500 - - 

Degraded 

by 0.12% 

per 1000 h 
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FC 

HJU 
AWS 2030 800 - - 

Degraded 

by 0.1% 

per 1000 h 

 

However, achieving these targets is challenging because high-current-density 

operation introduces severe electrode- and interface-level limitations. These 

limitations are especially important in alkaline water splitting, where lower-cost 

non-precious-metal electrodes are attractive but often suffer from slower reaction 

kinetics and larger transport resistance. In particular, three major issues must be 

addressed to enable efficient high-rate water splitting: gas bubble accumulation, 

ion-diffusion limitations, and sluggish oxygen evolution kinetics (Figure 1.1). 

 

Figure 1.1. Key challenges in high-rate water splitting: (a) gas bubble accumulation, 

(b) ion-diffusion limitation, and (c) sluggish OER kinetics. 

 

First, rapid gas generation at high current densities leads to extensive bubble 

formation on electrode surfaces. Accumulated gas product bubbles can block active 

sites, reduce the effective catalyst-electrolyte contact area, and increase local 

resistance. Bubble coverage also interrupts electrolyte access to the electrode 

surface and creates unstable reaction environments. As a result, even if the catalyst 
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itself is active, poor gas bubble removal can significantly increase the apparent 

overpotential and lower the overall efficiency. Therefore, promoting fast bubble 

detachment is essential for maintaining efficient water electrolysis under high-rate 

conditions.17 

Second, ion diffusion and electrolyte transport become increasingly important 

as the reaction rate increases. At low current densities, reactants and ions can usually 

reach the electrode surface fast enough to sustain the electrochemical reaction. 

However, under high-current-density operation, rapid consumption and generation 

of ionic species can create local concentration gradients within the electrode and 

electrolyte. In porous or thick electrodes, insufficient electrolyte penetration and 

tortuous ion-transport pathways can further increase concentration polarization and 

ohmic resistance. These effects limit the accessible active surface area and reduce 

the benefit of increasing catalyst loading or geometric surface area.18 

Third, the OER remains a major kinetic bottleneck in overall water splitting. 

Compared with HER, OER involves a four-electron transfer process and multiple 

oxygen-containing intermediates, leading to intrinsically sluggish kinetics and large 

overpotentials. This issue becomes more significant at high current densities, where 

faster charge transfer is required to sustain rapid oxygen production. Therefore, 

developing efficient OER catalysts is an important strategy to lower the anodic 

overpotential and improve the energy efficiency of water electrolysis. In alkaline 

media, transition-metal-based catalysts have been widely studied as promising 

alternatives to noble-metal oxides. In addition to improving OER catalysts, another 

effective strategy is to replace the OER with alternative anodic oxidation reactions 

that require lower thermodynamic potentials and faster reaction kinetics. For 
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example, the urea oxidation reaction has a much lower theoretical potential than 

OER and can reduce the overall energy input for hydrogen production when 

coupled with the HER at the cathode. This approach not only improves the energy 

efficiency of hydrogen generation, but also provides a potential route for treating 

urea-containing wastewater. Therefore, integrating low-energy anodic reactions 

with water electrolysis offers a promising direction for sustainable hydrogen 

production.19 
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Chapter 2 

Nanocone-Modified Surfaces for Enhanced Bubble Detachment in High-Rate 

Alkaline Water Splitting 

2.1 Abstract 

Hydrogen production through alkaline water splitting is regarded as a 

promising and sustainable technology for a clean energy economy. However, under 

industrially relevant current density conditions (≈ 1000 mA cm-2), severe gas 

bubble accumulation on the electrode surface hinders catalytic activity, restricts 

mass transport, and can even damage the catalyst layer. This chapter presents a 

surface engineering strategy in which nickel substrates are modified with nanocone 

structures to promote rapid gas bubble detachment. The nanocone-modified 

electrodes exhibit superaerophobicity, leading to faster bubble release and smaller 

bubble detachment sizes compared to unmodified electrodes. Both simulations and 

high-speed imaging confirm reduced adhesion forces and enhanced detachment 

dynamics. Electrochemical measurements further demonstrate significantly 

reduced overpotentials at high current densities, along with excellent long-term 

stability in two-electrode water-splitting devices. These findings establish nanocone 

surface modification as an effective and generalizable approach for mitigating 

bubble accumulation, thereby enabling efficient and stable hydrogen production at 

ultrahigh current densities. 

2.2 Introduction 

The growing demand for renewable and carbon-free energy sources has 

positioned hydrogen as a key energy carrier in the transition toward sustainable 

technologies.1-3 Among various production routes, alkaline water splitting provides 
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an attractive method for large-scale hydrogen generation due to its reliance on earth-

abundant catalysts and system durability.4, 5 Nevertheless, commercial alkaline 

water splitting electrolyzers typically operate at modest current densities of around 

400 mA cm-2, which limits hydrogen production rates compared to proton-exchange 

membrane electrolyzers.6 To achieve industrially relevant outputs, it is necessary to 

raise the current density of alkaline water splitting systems to approximately 1000 

mA cm-2 or higher.7, 8 

A major obstacle at these high current densities is the excessive formation and 

accumulation of gas bubbles on electrode surfaces,9, 10 adherent bubbles can disrupt 

or damage surface layers block active sites, obstruct ion and electrolyte diffusion, 

and increase ohmic resistance, all of which reduce catalytic efficiency.11 

Furthermore, the detachment of large coalesced bubbles can disrupt or damage 

catalyst layers, threatening electrode stability. While strategies such as forced 

electrolyte flow, acoustic fields, or magnetic assistance have been explored to 

remove bubbles, these approaches generally involve additional energy consumption 

or complex system designs.12-14 

An alternative and potentially more practical solution is to modify the 

electrode surface to enhance bubble detachment through structural and chemical 

design. Previous studies have demonstrated that nanostructured surfaces, 

superaerophobic coatings, and optimized electrode architectures can reduce bubble 

adhesion force and promote their release.15-18 Inspired by these insights, this chapter 

investigates the use of nickel nanocone surface modification as a versatile strategy 

to address bubble accumulation on the electrode surface. Unlike catalyst redesign, 

which alters intrinsic catalytic activity, nanocone modification relies on 
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morphological control of the electrode surface, allowing improved bubble dynamics 

without fundamentally changing the material’s composition. 

2.3 Experimental section 

2.3.1 Preparation of nickel nanocone-modified electrodes 

Nickel nanocone structures were synthesized on various nickel substrates, 

including nickel foil, nickel foam, and 3D-printed nickel lattices (denoted as Foil, 

Foam, and Lattice), using an electrodeposition method.19 Prior to deposition, the 

substrates were cut into 1 × 1 cm pieces and sequentially cleaned by ultrasonication 

in acetone, 3.0 M HCl, deionized (DI) water, and ethanol for 10 min each, followed 

by drying under ambient conditions. The electrodeposition bath contained 0.84 M 

NiCl2, 1.0 M H3BO3, and 1.4 M NH4Cl in DI water, with the pH adjusted to 4.0 

using 10 wt% NaOH solution. A conventional three-electrode configuration was 

used, with the nickel substrate as the working electrode, Ag/AgCl as the reference 

electrode, and a piece of Ni foam (2 × 3 cm) as the counter electrode. 

Electrodeposition was performed at a constant current density of 20 mA cm-2 for 8 

min at 60 °C. The resulting nanocone-modified nickel-based substrates (denoted as 

Foil_NC, Foam_NC, and Lattice_NC) were rinsed with DI water and ethanol, then 

dried at ambient conditions. 

2.3.2 Fabrication of 3D-printed nickel lattice electrodes 

Three-dimensional nickel lattice structures were fabricated using a direct ink 

writing method. The printing ink was prepared by dispersing 26.7 g of nickel 

powder (3-7 μm, Alfa Aesar) in a polymeric solution composed of polylactic-co-

glycolic acid (PLGA) dissolved in dichloromethane (DCM). Ethylene glycol butyl 

ether (EGBE) was added to adjust the viscosity and volatility. The slurry was 
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homogenized using a planetary mixer to achieve a solid loading of 40-50 vol%. The 

ink was then extruded through a 200 μm nozzle using a pneumatic dispenser onto 

silicon wafers, guided by a computer-controlled three-axis stage. The printed 

lattices were dried in air and subjected to thermal treatment at 300 and 600 °C in 

hydrogen to remove organics, followed by annealing at 900 °C in argon to obtain 

metallic nickel lattices. The final structures exhibited dimensions of approximately 

10 × 10 × 3 mm with less than 10% linear shrinkage. 

2.3.3 Structural and surface characterization 

The morphology of pristine and nanocone-modified substrates was 

characterized by scanning electron microscopy (SEM, Hitachi S-4800 II). Crystal 

structures were analyzed by X-ray diffraction (XRD, Rigaku SmartLab) using Cu 

Kα radiation, with standard nickel diffraction peaks provided for reference. Surface 

chemical states were examined by X-ray photoelectron spectroscopy (XPS, Kratos 

AXIS Ultra DLD). 

Wettability was evaluated by measuring the underwater air bubble contact 

angle. The nickel foil and nanocone-modified nickel foil substrates were 

horizontally immersed in a water-filled quartz cell, and a bubble of controlled size 

was introduced beneath the surface. The air-solid contact angle was recorded with 

a goniometer (Ossila) and analyzed using the accompanying software. 

2.3.4 Simulation of bubble detachment dynamics 

Bubble detachment behavior on flat and cone-decorated surfaces was 

investigated using a Shan-Chen type multiphase multicomponent lattice Boltzmann 

model, implemented with the Palabos package.20, 21 The model accounted for fluid-

fluid interactions, fluid-solid adhesion, and gravitational forces. The simulation 
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domain dimensions were set to 150 × 100 × 100, with a substrate thickness of 30 

units. For cone-decorated surfaces, the cone geometry was defined by a base radius 

of 10 units and a height of 30 units. Model parameters, including cohesion and 

adhesion strengths, were selected based on established literature values (Table 2.1). 

Table 2.1. Input parameters of the Shan-Chen model used in the simulation. 

Equilibrium fluid density ρ1 and ρ2 2.0 

Relaxation time τ 1.0 

Dissolved density ρd,1 and ρd,2 0.06 

Cohesion force strength Gc 0.9 

Applied gravitational force Fg 10-4 

Convergence threshold ϵ 5 × 10-6 

Adhesion parameter Gads,1 0.4 

Adhesion parameter Gads,2 -0.4 

 

2.3.5 High-speed imaging of bubble evolution 

Bubble evolution during the HER and OER was recorded using a high-speed 

camera (Photron NOVA S9) coupled with a macro lens. Electrochemical cells with 

transparent quartz walls were used to minimize optical distortion. The frame rate 

was set to 60 fps, with a shutter speed of 1 ms. The working electrode (Foil or 

Foil_NC, 1 × 1 cm) was placed vertically in the electrolyte, while Hg/HgO and 

graphite served as the reference and counter electrodes, respectively. Illumination 

was provided by LED lamps. 

2.3.6 Electrochemical measurements 

Electrochemical performance was evaluated in 1.0 M KOH solution using a 

CHI 660D workstation. Linear sweep voltammetry (LSV) was performed at 0.1 mV 

s-1 after cyclic voltammetry (CV) activation. For HER, CV activation was 
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conducted between -0.6 and -1.35 V vs Hg/HgO for 50 cycles; for OER, the 

potential window was 0-0.8 V for 20 cycles. Electrochemical impedance 

spectroscopy (EIS) was performed at -1.08 V (HER) and 0.7 V (OER) over a 

frequency range of 100 kHz to 1 Hz, with a 5 mV perturbation. An 85% iR 

compensation was applied. 

The electrochemically active surface area (ECSA) was determined from the 

capacitive current associated with double-layer charging, extracted from CV at scan 

rates of 20-100 mV s-1. The ECSA values of HER and OER test were determined 

using a method previously reported.22 Specifically, a series of CV curves were 

collected in a potential window from 0.417 to 0.517 V vs. RHE where no Faradaic 

reaction occurred. The scan rate varied from 20 to 100 mV at an interval of 20 mV 

s-1. A linear plot was generated from the difference between janodic and jcathodic (at 

0.464 V vs. RHE) versus scan rate, and the slope of this plot is proportional to the 

ECSA. The ECSA of each sample was calculated based on the following equation 

(Equation 2.1): 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =  
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝐴𝐴
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟

 (Equation 2.1) 

Where, 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the areal capacitance, which is half the slope of the generated 

plot, 𝐴𝐴  is the geometric area of the electrode, and 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟  is the reference areal 

capacitance for Ni (40 μF cm-2).23 For the ECSA of OER tests, similar scan-rate-

dependent measurements were conducted in a potential window from 1.017 to 1.117 

V vs. RHE. A linear plot was generated from the difference between janoidc and 

jcathodic at 1.067 V vs. RHE and scan rate to determine ECSA by using the same 

equation. 
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Stability tests were conducted using two-electrode configurations with 

Lattice_NC electrodes as both anode and cathode. Chronoamperometry was 

recorded at a fixed voltage of 2.45 V at room temperature for up to 100 h. 

2.4 Results and discussion 

2.4.1 Surface morphology and structural characterization 

To establish the structural features of the nanocone-modified electrodes, 

scanning electron microscopy (SEM) was employed to compare pristine nickel 

substrates with those after nanocone growth. As shown in Figure 2.1, all untreated 

nickel substrates exhibited relatively smooth surfaces with only minor surface 

irregularities, whereas the nanocone-modified samples were uniformly covered 

with a dense array of vertically aligned nanocones. The nanocones possessed base 

diameters in the range of approximately several hundred nanometers and displayed 

consistent coverage across different types of nickel substrates, including Foil, Foam 

and Lattice. This uniformity demonstrates the versatility of the electrodeposition 

method for modifying both planar and more complex 3D architectures. Such a 

pronounced morphological transformation not only increases the surface roughness 

but also introduces a hierarchical texture that is expected to strongly influence 

bubble-surface interactions, reduce adhesive forces, and facilitate rapid bubble 

detachment during high-rate water splitting. 
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Figure 2.1. SEM images of (a) Foil and (e) Foil_NC; (b) Foam and (f) Foam_NC; 

and 3D-printed Ni lattice (c, d) before and (g, h) after nanocone modification. Scale 

bars are 1 μm for (a, b, e, f), 300 μm for (c, g), and 1 μm for the magnified images 

in (d, h). 

 

X-ray diffraction (XRD) patterns were collected to confirm the 

crystallographic nature of the deposited nanocones. To eliminate interference from 

the strong background of Ni substrates, nanocones were first deposited on carbon 

paper using the same electrodeposition method. As shown in Figure 2.2a, the 

resulting sample exhibited three prominent diffraction peaks at 44.5°, 51.8°, and 

76.4°, corresponding to the (111), (200), and (220) planes of metallic Ni. This result 

confirms that the electrodeposited nanocones are indeed nickel in composition. 

Subsequently, XRD patterns of nanocone-modified foil, foam, and 3D-printed 

lattice electrodes were collected (Figure 2.2b). All three substrates displayed the 

same characteristic Ni reflections, consistent with both the pristine nickel substrates 

and the standard Ni reference (PDF#04-0850). The close agreement of peak 

positions and intensities confirms that the nanocone deposition process preserved 
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the metallic nickel phase and did not introduce any detectable secondary phases or 

impurities. 

 

Figure 2.2. XRD patterns of (a) carbon paper and nanocone-modified carbon paper 

(Carbon paper_NC), and (b) Foil_NC, Foam_NC, and Lattice_NC. The standard Ni 

diffraction pattern (PDF# 04-0850) is included for reference. 

 

X-ray photoelectron spectroscopy (XPS) was further conducted to probe the 

surface chemical states of the electrodes before and after nanocone modification 

(Figure 2.3). Both pristine and nanocone-modified samples exhibited broad Ni 2p 

spectra with a main peak centered at ≈855.3 eV, accompanied by a satellite feature 

at ≈861.4 eV. Deconvolution of the spectra revealed contributions from metallic 

Ni (≈853.3 eV), Ni2+ (≈855.2 eV), and Ni3+ (≈856.7 eV) species, consistent with 

previously reported nickel-based catalysts.24 The overall spectral profiles and 

relative peak intensities were nearly identical for pristine and nanocone-modified 

electrodes, indicating that the electrodeposition process does not significantly alter 

the oxidation states or electronic structure of surface nickel. This finding, combined 

with the XRD results, suggests that the intrinsic catalytic chemistry of the electrode 

remains unchanged after nanocone growth. Therefore, the performance 
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enhancement observed in subsequent electrochemical measurements can be 

attributed primarily to morphological effects, namely, increased surface roughness 

and altered bubble-surface interactions, rather than compositional differences. 

 

Figure 2.3. Ni 2p XPS spectra of (a) Lattice and (b) Lattice_NC. 

 

Finally, the wettability of the electrodes toward air bubbles was assessed using 

air contact angle measurements. The pristine foil exhibited an underwater air 

contact angle of 134.6°, whereas the nanocone-modified foil displayed a 

substantially larger angle of 151.8° (Figure 2.4). This increase indicates that the 

nanocone-nanocone modified surface is highly superaerophobic, reducing the 

adhesive interaction between bubbles and the electrode. These findings collectively 

demonstrate that nanocone modification alters surface roughness and aerophobicity 

without changing the fundamental chemical composition of the electrode, thereby 

providing an ideal platform to investigate bubble detachment dynamics. 
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Figure 2.4. Digital images showing the air contact angles on (a) Foil and (b) 

Foil_NC. 

 

2.4.2 Bubble detachment dynamics: simulation insights 

To elucidate the role of nanocone morphology in bubble detachment, 

computational simulations were performed using a Shan-Chen-type multiphase 

multicomponent lattice Boltzmann model.20, 21 This approach allows for the 

mesoscale representation of bubble-liquid-solid interactions, accounting for 

buoyancy, adhesion, and interfacial tension forces. In the simulations, a single 

bubble was positioned on either a flat nickel substrate or a cone-decorated surface, 

and the attachment time (tA) was monitored under varying initial penetration depths 

(h/h0) into the surface features. 

The results, shown in Figure 2.5, reveal significant differences between the 

two surface types. On flat surfaces, bubbles remained attached throughout the 

simulation, indicating strong adhesion that resisted buoyant forces. In contrast, 

bubbles placed on cone-decorated surfaces detached significantly earlier, with 

detachment time decreasing as the initial depth into the cones was reduced. For 

example, bubbles at h/h0 = 1/3 detached at a normalized time of 0.35, compared to 

0.65 for h/h0 = 1. 

These observations can be explained by the Cassie-Baxter wetting model, 

which describes the influence of surface roughness on apparent contact angle 

(Equation 2.2).25 

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗ = 𝑓𝑓𝑠𝑠(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 1) − 1 (Equation 2.2) 
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where 𝛼𝛼∗  represents the apparent bubble contact angle on a rough solid 

surface with liquid, 𝛼𝛼 is the apparent bubble contact angle on a smooth surface, 𝑓𝑓𝑠𝑠 

denotes the fraction of the solid in contact with the bubble. Compared to a smooth 

surface, the surface with nanoarchitectures is expected to have a smaller 𝑓𝑓𝑠𝑠 and, 

therefore, a higher contact angle and aerophobicity. Furthermore, the diameter of 

the detached bubble (𝐷𝐷𝑑𝑑) is also proportional to the sine function of the bubble 

contact angle, as shown in Equation 2.3. 

𝐷𝐷𝑑𝑑 = �𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�
6
𝜌𝜌𝑔𝑔

 (Equation 2.3) 

√𝛾𝛾 is the surface tension at TPCL, 𝛼𝛼 is the contact angle between the bubble 

and the solid surface, 𝜌𝜌  and 𝑔𝑔  represent the density of the electrolyte and 

gravitational acceleration, respectively. According to Equation 2.3, the 𝐷𝐷𝑑𝑑 

decreases with the increase of 𝛼𝛼 , which is in the range of 90-180 degrees. A 

superaerophobic surface, which typically has an underwater air bubble contact 

angle exceeding 150°, can significantly reduce the bubble-solid contact area and 

adhesive force, thereby facilitate bubble detachment and reducing the bubble size 

at detachment. 

The presence of nanocones reduces the effective solid-gas contact fraction, 

thereby increasing the apparent contact angle and aerophobicity. In mechanical 

terms, the adhesion force on a flat surface is aligned opposite to the buoyant force, 

maximizing resistance to detachment. On cone-decorated surfaces, however, the 

adhesion force is reoriented at an angle relative to buoyancy, effectively diminishing 

its magnitude in the vertical direction. As a result, the balance between buoyancy 
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and adhesion shifts in favor of detachment, leading to smaller bubble sizes and 

shorter residence times. 

These simulation results strongly support the hypothesis that nanocone 

modification enhances bubble detachment by altering interfacial geometry rather 

than surface chemistry. This theoretical insight provides a mechanistic foundation 

for the subsequent experimental studies on bubble dynamics and electrochemical 

performance. 

 

Figure 2.5. Simulation of a single bubble on (a) flat and cone-decorated surfaces 

with initial depth of (b) ℎ/ℎ0 = 1 , (c) ℎ/ℎ0 = 2/3  and (d) ℎ/ℎ0 = 1/3 . 

Normalized simulation time (t*) is labeled for all four cases below (d). (e) 

Schematic illustration of the initial depth ℎ
ℎ0

. (f) Normalized attachment time of the 

bubble for flat and cone substrates shown a-d. 
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2.4.3 Experimental observation of bubble evolution 

To experimentally verify the influence of nanocone modification on bubble 

dynamics, high-speed optical imaging was conducted during both the HER and 

OER. Representative snapshots are shown in Figure 2.6. At a current density of 2 

mA cm-2 for HER, bubbles nucleated, grew, and detached from both pristine and 

nanocone-modified nickel foils. However, the temporal evolution revealed clear 

differences between the two surfaces. On the unmodified foil, bubbles remained 

attached for extended periods, reaching larger sizes before detachment. In contrast, 

bubbles on the nanocone-modified foil detached more rapidly and at smaller 

diameters, consistent with the enhanced superaerophobicity observed in contact 

angle measurements. 

To ensure statistical validity, more than 100 individual bubbles were analyzed 

from different substrate locations. The results, summarized in the histograms of 

Figure 2.6, demonstrate that the average detachment time (Td) for bubbles on 

nanocone-modified electrodes was significantly shorter than that on pristine foil. 

Moreover, the detachment diameter (Dd) was consistently reduced, indicating that 

bubbles left the surface at an earlier growth stage. These findings corroborate the 

simulation results and highlight the role of nanocone geometry in diminishing 

adhesive forces at the bubble-electrode interface. 
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Figure 2.6. High-speed camera images showing hydrogen bubble evolution on (a-

c) Foil and (d-f) Foil_NC as a function of time. Scale bars are 500 μm. The dashed 

circles highlight the bubble locations. Histograms illustrate the distribution of (g, h) 
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bubble detachment time (Td) and (i, j) detachment size (Dd) on Foil and Foil_NC 

substrates. 

 

Similar experiments were performed under OER conditions at 4 mA cm-2. As 

shown in Figure 2.7, oxygen bubbles exhibited the same trend: faster detachment 

and smaller diameters on nanocone-modified surfaces compared to pristine 

electrodes. An additional phenomenon was observed on the unmodified foil, 

frequent bubble coalescence. Due to the longer residence time and larger size of 

bubbles, adjacent bubbles often merged to form even larger bubbles prior to 

detachment. This coalescence process not only delayed detachment further but also 

posed a greater risk of disturbing the electrode surface layer. In contrast, bubble 

coalescence was substantially suppressed on nanocone-modified electrodes, as 

bubbles detached quickly and maintained smaller sizes. 
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Figure 2.7. High-speed camera images show the oxygen bubble evolution process 

take place on (a-c) Foil and (d-f) Foil_NC, as a function of time. Scale bars are 500 

μm. The dashed circles highlight the bubble locations. Histograms illustrate the 
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distribution of (g, h) bubble detachment time (Td) and (i, j) detachment size (Dd) on 

Foil and Foil_NC substrates. 

 

To further evaluate the electrode behavior under conditions more relevant to 

practical operation, bubble evolution was also examined at ultrahigh current 

densities of 1000 mA cm-2 (Figure 2.8). At this current density, massive gas 

production led to severe bubble accumulation on the pristine foil, where large 

bubbles adhered to the surface and hindered electrolyte access. In contrast, the 

nanocone-modified foil exhibited smooth bubble release, with fewer large bubbles 

observed and a more continuous evolution of gas. The stark contrast at high current 

densities underscores the importance of nanocone-induced superaerophobicity in 

maintaining electrode accessibility under industrially relevant conditions. 

 



31 
 

Figure 2.8. Gas bubble evolution at the high current density of 1000 mA cm-2. 

Hydrogen bubble evolution on (a) Foil and (b) Foil_NC. Oxygen bubble evolution 

on (c) Foil and (d) Foil_NC. Scale bars are 2 mm. 

 

2.4.4 Electrochemical performance at high current densities 

To evaluate the effect of nanocone modification on electrochemical 

performance, the HER and OER activities of pristine Ni foil and nanocone-modified 

Ni foil (Foil_NC) were first compared in 1.0 M KOH. As shown in Figure 2.9, 

Foil_NC exhibited significantly improved electrochemical behavior for both HER 

and OER compared with pristine foil. For HER, Foil_NC reached a geometric 

current density of 1000 mA cm-2 at an overpotential of 519 mV, while pristine foil 

required 737 mV to achieve the same current density. This corresponds to a 29.5% 

reduction in overpotential. A similar improvement was observed for OER, where 

the overpotential at 1000 mA cm-2 decreased from 712 mV for pristine foil to 457 

mV for Foil_NC, corresponding to a 35.8% reduction. These results show that 

nanocone modification substantially enhances the apparent electrochemical 

performance of Ni foil under high-current-density operation. 
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Figure 2.9. LSVs for (a) HER and (b) OER plotted based on geometric current 

density at a scan rate of 0.1 mV s-1. Comparison of overpotentials required to reach 

1000 mA cm-2 for (c) HER and (d) OER. 

 

The geometric current density is determined by the intrinsic activity and the 

total amount of available catalytic active sites. We studied the electrochemically 

active surface area (ECSA) of both substrates. To estimate the ECSA, cyclic 

voltammetry measurements were performed at different scan rates in the non-

faradaic potential regions for HER and OER. As shown in Figure 2.10a and b, 

Foil_NC exhibited a larger areal capacitance than pristine foil in the HER potential 

region, increasing from 0.12 to 0.44 mF cm-2. Similarly, in the OER potential region, 

the areal capacitance increased from 0.30 to 0.81 mF cm-2 after nanocone 

modification (Figure 2.10d, e). These results are consistent with the roughened 
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surface morphology and dense nanocone coverage, which provide a larger 

electrochemically accessible area. 

However, the performance enhancement cannot be explained solely by the 

increase in ECSA. After normalizing the current density by ECSA, Foil_NC still 

showed higher HER and OER activity than pristine foil (Figure 2.10c, f). This result 

indicates that the nanocone structure does more than simply increase the number of 

accessible surface sites. Instead, the nanocone-modified surface also improves the 

effective reaction environment during gas-evolving reactions. At high current 

densities, rapid gas bubble generation can block active sites, reduce electrolyte 

contact, and increase local transport resistance. The nanocone structure facilitates 

bubble removal from the electrode surface, thereby maintaining more efficient 

electrode-electrolyte contact during HER and OER. Therefore, the improved 

electrochemical performance of Foil_NC arises from the combined effects of 

increased active surface area and enhanced bubble detachment behavior, with the 

latter becoming particularly important under high-rate water splitting conditions. 
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Figure 2.10. ECSA analysis and ECSA-normalized electrochemical performance 

of pristine Ni foil and Foil_NC. Capacitive current density plotted as a function of 

scan rate in the non-faradaic regions for (a) HER and (d) OER, respectively. (b and 

e) Comparison of ECSA values calculated from the scan-rate-dependent current 

response. ECSA-normalized polarization curves for (c) HER and (f) OER in 1.0 M 

KOH. 

 

To evaluate the generality of this approach, we extended the study to nickel 

foam, a commonly used 3D porous substrate with large surface area for alkaline 

water splitting. As shown in Figure 2.11, Foam_NC exhibited a significantly larger 

ECSA compared to pristine foam. The increase is attributed to the conformal growth 

of nanocones across the three-dimensional porous framework, which effectively 

increases the roughness and exposes additional active surface sites throughout the 

foam structure. This enhancement demonstrates that the nanocone modification 

strategy is not limited to flat electrodes but can also be extended to 3D porous 

architectures, where the enlarged surface area is particularly beneficial for 

supporting high current operation. 
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Figure 2.11. CV curves of Foam and Foam_NC collected for (a, b) HER and (d, e) 

OER in 1.0 M KOH at different scan rates from 20 to 100 mV s-1 with an interval 

of 20 mV s-1. The difference of geometric current density jgeo of Foam and 

Foam_NC are plotted as a function of scan rate for (c) HER and (f) OER, 

respectively. 

 

We then compared the HER and OER polarization curves of Foam and 

Foam_NC electrodes. As shown in Figure 2.12, the nanocone-modified foam 

exhibited markedly reduced overpotentials relative to pristine foam across the entire 

potential range. For example, at a geometric current density of 1000 mA cm-2, 

Foam_NC required substantially lower applied potentials (-0.491 V vs. RHE for 

HER and 1.638 V vs. RHE for OER, respectively) than the unmodified substrate (-

0.785 V vs. RHE for HER and 2.052 V vs. RHE for OER), highlighting the 

beneficial effect of nanocone modification on three-dimensional porous electrodes. 

Importantly, when the current densities were normalized to ECSA, Foam_NC still 

outperformed pristine foam. This result indicates that the performance enhancement 
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arises from the accelerated bubble detachment provided by the nanocone structures, 

which plays a central role in sustaining mass transport and catalytic activity under 

high-rate water splitting conditions. 

 

Figure 2.12. LSVs of Foam and Foam_NC electrodes collected in 1.0 M KOH at a 

scan rate of 0.1 mV s-1 for (a, b) HER and (c, d) OER. Figures (a and c) are plotted 

in geometric current density, while Figures (b and d) are plotted in ECSA-

normalized current density. 

 

2.4.5 Extension to 3D architectures 

Previous work from our group demonstrated under ultrahigh current densities 

that, compared to conventional nickel foam with tortuous and disordered pore 

networks, 3D-printed nickel lattice electrodes with ordered channels provide 

significant advantages for bubble management. The periodic and low-tortuosity 

architecture facilitates more efficient bubble transport, thereby minimizing bubble 
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coalescence and accumulation within the electrode interior.26 Motivated by these 

findings, we selected 3D-printed lattice electrodes as a representative porous 

architecture to further investigate the effects of nanocone surface modification. 

To assess the generality of this surface engineering strategy, the same 

electrodeposition method was applied to both nickel foam and 3D-printed nickel 

lattices. SEM and XRD analyses confirmed that in both cases the substrates were 

uniformly covered with dense nickel nanocone structures (Figures 2.1 and 2.2). 

Although slight variations in cone size were observed due to differences in local 

growth environments, the overall morphology was consistent with that obtained on 

flat nickel foils, demonstrating that nanocone growth can be successfully extended 

from planar electrodes to three-dimensional porous architectures. 

The ECSA of the 3D-printed nickel lattice before and after nanocone 

modification was also examined. As shown in Figure 2.13, the Lattice_NC 

electrode exhibited a substantially larger ECSA compared to the pristine lattice. 

This enhancement arises from the uniform deposition of nanocones along the 

ordered struts of the lattice architecture, which significantly increases the surface 

roughness and exposes a greater number of electrochemically accessible active sites. 
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Figure 2.13. CV curves of the Lattice and Lattice_NC for (a-b) HER and (d-e) for 

OER were collected in 1.0 M KOH at different scan rates from 20 to 100 mV s-1 at 

an interval of 20 mV s-1. The difference of geometric current density jgeo of Lattice 

and Lattice_NC are plotted as a function of scan rate for (c) HER and (f) OER, 

respectively. 

 

Electrochemical testing demonstrated that nanocone modification also 

improved the performance of 3D-printed nickel lattice electrodes. As shown in 

Figure 2.14, Lattice_NC exhibited substantially higher current densities for both 

HER and OER compared to the pristine lattice. At a geometric current density of 

1000 mA cm-2, Lattice_NC required lower potentials than the pristine lattice for 

both HER (-0.417 vs. -0.686 V vs. RHE) and OER (1.607 vs. 1.897 V vs. RHE). 

confirming the beneficial role of nanocone structures in enhancing catalytic activity. 

Importantly, when the current densities were normalized by ECSA, Lattice_NC still 

outperformed the pristine lattice, indicating that the improvement cannot be 

explained solely by increased surface area. Instead, the rapid detachment of bubbles 



39 
 

facilitated by the nanocone structures plays a central role in sustaining electrolyte 

contact and achieving superior performance at high current densities. 

To further compare the effect of nanocone modification across different 

substrates, we analyzed the overpotentials required to reach 1000 mA cm-2 for 

Foil_NC, Foam_NC, and Lattice_NC electrodes under both HER and OER 

conditions (Figure 2.14e and 2.14f). Among the three, Lattice_NC consistently 

required the lowest overpotentials. This superior performance is closely related to 

the ordered, low-tortuosity channels inherent to the 3D-printed lattice, which 

promotes efficient bubble transport and prevents bubble accumulation within the 

electrode framework. The combination of nanocone-induced superaerophobicity 

with the favorable architecture of the 3D-printed lattice thus provides a powerful 

strategy for achieving efficient and stable operation under ultrahigh current 

densities. 

 

Figure 2.14. LSVs of Lattice and Lattice_NC electrodes collected in 1.0 M KOH 

at a scan rate of 0.1 mV s-1 for (a, b) HER and (c, d) OER. Figures (a and c) are 

plotted in geometric current density, while Figures (b and d) are plotted in ECSA-
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normalized current density. Figures (e and f) compare the HER and OER 

overpotentials of Foil_NC, Foam_NC, and Lattice_NC at different geometric 

current densities. 

 

To further understand the origin of the improved electrochemical performance, 

electrochemical impedance spectroscopy (EIS) was performed for the Ni foil-, Ni 

foam-, and 3D printed lattice-based electrodes under both HER and OER conditions. 

As shown in Figure 2.15, all nanocone-modified electrodes exhibited smaller 

semicircles than their corresponding unmodified electrodes, indicating reduced 

charge-transfer resistance after nanocone modification. This trend was observed 

consistently for Foil_NC, Foam_NC, and Lattice_NC, confirming that the 

nanocone structure improves the interfacial reaction environment across different 

electrode geometries. 

Among these electrodes, Lattice_NC showed the smallest impedance response. 

This result is consistent with its superior polarization performance and suggests that 

combining a 3D printed open lattice architecture with nanocone surface 

modification provides the most favorable electrode configuration. The lattice 

structure offers an open pathway for electrolyte transport and gas release, while the 

nanocone surface promotes rapid bubble detachment from the electrode surface. 

Together, these two structural features help maintain efficient electrolyte contact, 

reduce bubble-induced blockage, and facilitate interfacial charge transfer during 

high-rate water splitting. 

Therefore, the EIS results further support that the enhanced activity of 

nanocone-modified electrodes is not only associated with increased surface area, 
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but also with improved gas management and reduced interfacial resistance. This 

effect becomes particularly important at high current densities, where rapid gas 

products generation can otherwise block active sites and increase local transport 

resistance. 

 

Figure 2.15. EIS spectra of (a, d) Foil and Foil_NC, (b, e) Foam and Foam_NC, 

and (c, f) Lattice and Lattice_NC were collected in 1.0 M KOH. The top row shows 

EIS spectra under HER conditions, and the bottom row shows EIS spectra under 

OER conditions. EIS was performed at -1.08 V versus Hg/HgO for HER and 0.70 

V versus Hg/HgO for OER, with a frequency ranging from 100 kHz to 1 Hz and an 

amplitude of 5 mV. Circles represent experimental data. The solid lines represent 

fitting curves based on the equivalent circuit model (inset). 

 

2.4.6 Long-term stability and surface integrity 

In addition to high activity, practical electrolyzer electrodes must also 

demonstrate long-term durability under industrially relevant conditions. To evaluate 

the stability of nanocone-modified electrodes, a two-electrode alkaline water 
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splitting device was assembled using Lattice_NC electrodes as both the anode and 

cathode. The cell was operated at a fixed voltage of 2.45 V in 1.0 M KOH at room 

temperature, corresponding to an initial current density of approximately 910 mA 

cm-2. 

As shown in Figure 2.16, the device maintained over 95% of its initial current 

after 100 h of continuous operation, highlighting the exceptional electrochemical 

stability of the Lattice-NC architecture. This level of durability at nearly 1 A cm-2 

is significant, as bubble-induced mechanical stress and detachment forces are 

generally expected to compromise electrode coatings under such demanding 

conditions. 

 

Figure 2.16. The geometric current density of a device assembled with two 

Lattice_NC electrodes recorded at a fixed voltage of 2.45 V for 100 h. The inset 

figure shows a schematic illustration of the two-electrode device. The SEM images 

show the NC morphology before and after the stability test. 

 

Post-stability analysis further confirmed the structural robustness of the 

nanocone layer. SEM images collected after the stability test revealed that the 

nanocone morphology was largely preserved, with no significant peeling, 
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delamination, or structural collapse observed (Figure 2.17). This suggests that the 

nanocone features were mechanically resilient against repeated bubble detachment 

and fluid shear stresses. XPS analysis provided additional insights into chemical 

stability. For electrodes tested under HER conditions, the Ni 2p spectra before and 

after stability tests showed consistent signals from metallic Ni, Ni2+, and Ni3+, 

indicating minimal surface oxidation. In contrast, electrodes subjected to OER 

conditions exhibited a diminished metallic Ni signal after long-term operation, with 

Ni2+ and Ni3+ species dominating the spectra (Figure 2.17). This transformation is 

attributed to the oxidative environment of OER, where surface Ni tends to form 

stable hydroxide or oxyhydroxide phases. Despite this chemical shift, the overall 

catalytic performance remained stable, suggesting that the nanocone-modified 

architecture provides sufficient tolerance to oxidative restructuring. 

 

Figure 2.17. Ni 2p XPS spectra of (a) Lattice_NC after HER and (b) Lattice_NC 

after OER stability tests in water splitting. 

 

Overall, these results confirm that nanocone surface modification not only 

enhances bubble detachment and catalytic performance but also demonstrates 

strong mechanical and electrochemical stability under ultrahigh current densities. 

The preservation of both structural integrity and catalytic activity underscores the 
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potential of nanocone-modified electrodes for long-term operation in practical 

water electrolyzer systems. 

2.5 Conclusion 

In this chapter, nanocone surface modification was demonstrated as an 

effective strategy to address one of the most critical challenges in high-rate alkaline 

water splitting: the accumulation and slow detachment of gas bubbles at the 

electrode-electrolyte interface. Through a combination of simulations, high-speed 

optical imaging, electrochemical measurements, and long-term stability tests, the 

mechanistic origins of this improvement were established. 

The results show that nanocone-modified nickel surfaces exhibit 

superaerophobicity, which facilitates rapid bubble detachment and suppresses 

bubble coalescence. Compared to pristine electrodes, the modified surfaces 

supported significantly smaller bubble detachment sizes and shorter residence times. 

Electrochemically, these improvements translated into reduced overpotentials at 

ultrahigh current densities (≈1000 mA cm-2) and enhanced device stability over 

extended operation. Importantly, the beneficial effects were not limited to nickel 

foils but were also observed on nickel foam and 3D-printed nickel lattices, 

demonstrating the generality and scalability of this surface engineering approach. 

Mechanistically, the improved performance arises not from altered catalytic 

chemistry but from engineered interfacial geometry. The nanocone structures both 

reduce the effective contact area between bubbles and the substrate and reorient 

adhesive forces, thereby lowering the barrier for bubble detachment. By mitigating 

bubble-induced blockage, the electrodes retain more accessible catalytic sites and 

sustain efficient ion transport under demanding conditions. 
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This study establishes that surface nanostructuring offers a robust and energy-

efficient solution for bubble management in practical alkaline electrolyzers. 

Nevertheless, while the nanocone strategy effectively addresses gas bubble 

accumulation, another key limitation in high-current-density operation is ion 

diffusion through the electrolyte and electrode pores. The next chapter therefore 

focuses on strategies to alleviate ion transport resistance, further advancing the 

development of stable and efficient electrodes for large-scale hydrogen production. 
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Chapter 3 

Interpenetrating 3D Electrodes for High-Rate Alkaline Water Splitting 

3.1 Abstract 

High-rate alkaline water splitting remains limited by ion-transport losses once 

gas-bubble blockage is mitigated. To address this, we designed and validated a 3D-

printed interpenetrating gyroid (3DIG) electrode in which two independent, 

interwoven lattices minimize interelectrode distance and provide ordered, and open 

channels for ion diffusion and gas removal. Simulation results show that the 3DIG 

architecture establishes a more uniform electric-potential gradient and achieves 

cell-wide concentration equilibration more rapidly than a configuration using 

separate 3D-printed gyroid electrodes (3DG), indicating accelerated ionic diffusion 

and improved spatial utilization. Experimentally, 3DIG delivers markedly higher 

current density at a fixed voltage (e.g., ~1000 mA cm-2 at 2.85 V for 3DIG versus 

~225 mA cm-2 for 3DG), despite comparable ECSA, and exhibits consistently lower 

solution resistance (RS) and charge-transfer resistance (RCT) based on the 

electrochemical impedance spectra analysis. The advantage of the interpenetrating 

design is amplified at lower temperatures, where sluggish diffusion typically 

dominates, yet 3DIG still maintains small RS and RCT values (e.g., ~1.0 Ω and ~3.5 

Ω at 275 K). Further surface engineering and catalyst modification (nanocone 

modification and NiFeOOH coating) reduce the overpotential without sacrificing 

the ordered transport pathways. These results demonstrate that interpenetrating 

gyroid electrodes provide a device-level route to alleviate ion-diffusion limitations 

in alkaline water splitting and complement the bubble-detachment strategy 

established in Chapter 2. 
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3.2 Introduction 

Alkaline water splitting is one of the most promising technologies for clean 

hydrogen production.1-3 To achieve high efficiency, substantial efforts have been 

devoted to minimizing the activation overpotential by improving the intrinsic 

catalytic activity and increasing the number of accessible active sites.4,5 However, 

because alkaline water splitting involves two gas-evolution reactions occurring at 

the gas-liquid-solid triple-phase boundary, its performance is also significantly 

influenced by extrinsic transport limitations, particularly under high-current 

densities.6-8 

As current density increases, the accumulation of hydrogen and oxygen gas 

bubbles can block active sites, thereby increasing the activation overpotential. In 

addition, these bubbles impede ion transport and electrolyte access, contributing to 

additional ohmic loss.9 With advances in additive manufacturing, various three-

dimensional (3D) architected electrodes have been developed to increase surface 

area and facilitate bubble detachment.10-12 Nevertheless, simply stacking 3D 

electrodes in parallel does not represent an optimal device-level configuration. 

Mass transport, particularly ionic diffusion resistance during alkaline water 

splitting, remains an important yet often overlooked factor. The efficiency of ion 

diffusion depends on both the concentration gradient and the inter-electrode 

distance. Thick electrodes and retained gas bubbles increase effective diffusion 

pathways, resulting in inhomogeneous concentration gradients and larger mass-

transport overpotential. Existing strategies mainly focus on improving electrolyte 

conductivity through additives.13, 14 Alternatively, reducing the electrode separation 
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distance through rational arrangement of 3D electrodes provides a more direct and 

practical route to enhancing ion diffusion at the device level. 

Here, we present an interpenetrating gyroid electrode architecture consisting 

of two independent lattices interwoven within the same volume for alkaline water 

splitting. This configuration enables the integration of porous anode and cathode 

structures while maintaining a constant and minimized separation distance, 

independent of electrode thickness. The open architecture of each lattice ensures 

efficient bubble release within this compact configuration.15 Using double-gyroid 

interpenetrating nickel lattices as a model system, we demonstrate that the 

interpenetrating gyroid (3DIG) architecture significantly improves ion transport 

compared with separate gyroid electrodes (3DG). The 3DIG device exhibits 

reduced solution resistance (RS) and charge-transfer resistance (RCT), and achieves 

substantially higher current densities under the same applied voltage. For example, 

at 2.85 V, 3DIG delivers a current density of 1000 mA cm-2, which is significantly 

higher than that of 3DG (225 mA cm-2), highlighting the effectiveness of the 

interpenetrating design in mitigating ion-diffusion limitations. Finally, we explore 

surface modification strategies, such as nanocone engineering and NiFeOOH 

coating, that further improve catalytic activity without compromising ordered 

transport pathways. 

This work establishes interpenetrating gyroid electrodes as a generalizable 

platform for engineering ion transport in alkaline electrolyzers, providing a 

complementary strategy to the bubble-management advances discussed in Chapter 

2 and offering a pathway toward practical high-rate hydrogen production. 
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3.3 Experimental section 

3.3.1 Fabrication of 3D-printed interpenetrating gyroid electrodes 

Interpenetrating and separate double gyroid (3DIG and 3DG) electrodes were 

fabricated using a commercial photo-curable plant-based resin (Elegoo) using a 

stereolithography 3D printer (Saturn 8K, Elegoo). The gyroid structures were 

generated in Rhinoceros 3D, a commercial computer-aided design software 

package, and exported for printing. All printed parts were rinsed and sonicated in 

isopropyl alcohol for approximately 5 min to remove residual resin, followed by 

post-curing for 1 h at 60 °C under 405 nm UV light (Form Cure, Formlabs). 

Printing was conducted with a layer thickness of 50 μm. The exposure duration 

was set to 35 s for the first layer to ensure adhesion and 5 s for each subsequent 

layer. The platform retraction velocity was maintained at 80 mm min-1. To enhance 

surface wettability, the printed gyroid lattices were plasma-treated in an air plasma 

cleaner (Harrick Plasma) for 2 min at a radio-frequency power of 18 W. 

The physical dimensions of the interpenetrating gyroid electrodes with 

different unit cell lengths are summarized in Table 3.1. 

Table 3.1. Physical dimensions of interpenetrating electrodes with different unit 

cell lengths. 

Unit cell length / mm Dimension (length × width × thickness) / mm 

4 15 × 12 × 3.5 

6 18 × 18 × 5.5 

8 17 × 17 × 8.0 

 



52 
 

3.3.2 Metallization of 3DIG and 3DG 

Although the 3D-printed gyroid scaffolds provided the desired interpenetrating 

geometry, the as-printed polymer frameworks exhibited inherently limited electrical 

conductivity. To convert these structures into continuous conductive electrodes, a 

two-step metallization procedure was employed, consisting of 

sensitization/activation followed by electroless nickel plating and subsequent Ni 

electrodeposition.16 

Prior to metallization, the printed gyroid substrates were immersed in 3.0 M 

NaOH at 45 °C for 30 min to clean the surface and generate hydroxyl groups that 

promote adhesion. The substrates were then sensitized in an aqueous solution 

containing 6.0 g of SnCl2 and 6.0 mL of concentrated HCl, followed by activation 

in a solution containing 60 mg of PdCl2 and 1.5 mL of HCl at 45 °C for 60 min. 

This process introduced catalytic Pd nuclei across the scaffold surface, enabling 

uniform nucleation during subsequent electroless plating. 

Electroless nickel plating was carried out in a 300 mL bath containing 3.9 g 

NiSO4, 6.3 g citric acid, and 3.18 g NaH2PO2 as the reducing agent. The solution 

was maintained at 70 °C, and the substrates were immersed for 10 min to deposit a 

conformal nickel layer across the entire 3D structure. The plating reaction 

proceeded through the autocatalytic reduction of Ni2+ onto the Pd-seeded surface, 

forming a uniform metallic film across the scaffold surface. 

To further thicken the conductive backbone and ensure robust electrical 

conductivity, electrodeposition of nickel was subsequently performed using a 

standard three-electrode setup with the gyroid scaffold as the working electrode, Ni 

foam as the counter electrode, and Ag/AgCl as the reference electrode. The 
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electrolyte contained 0.84 M NiCl2, 1.0 M H3BO3, and 1.40 M NH4Cl (pH = 4.0). 

Electrodeposition was performed at a constant current density of 20 mA cm-2 for 8 

min at 60 °C. This procedure yielded an additional nickel layer that reinforced the 

scaffold mechanically and electrically while preserving the interpenetrating 

architecture. 

The resulting metallized 3DIG and 3DG electrodes displayed continuous 

electrical pathways throughout the scaffold, high structural integrity, and uniform 

surface coverage. These characteristics enabled reliable electrochemical testing 

under ultrahigh current densities without collapse or localized ohmic losses. 

3.3.3 Synthesis of NiFeOOH@3DIG 

NiFeOOH catalyst was deposited onto 3DIG using a previously reported 

method.17 Nanocone-modified 3DIG was immersed in a solution containing 0.814 

mmol iron chloride hexahydrate in 60 mL of ethanol. The samples were then 

immersed in a solution containing 0.814 mmol iron chloride hexahydrate and 4.49 

mmol ammonium bicarbonate in 60 ml of ethanol while stirring for 6 h at room 

temperature to obtain NiFeOOH@3DIG. The sample was removed, washed with 

DI water, and dried under ambient conditions. 

3.3.4 Electrode fabrication 

Conductive silver colloidal paint was used to attach a piece of Ni foil strip onto 

each of the two strands of 3DIG or 3DG, so the two electrodes could be individually 

addressed. Then, epoxy was used to cover the stands and the rest of the electrode, 

ensuring that only the central gyroid structure was exposed for the water splitting 

reaction. 
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3.3.5 Structural and surface characterization 

The morphology of the printed and metallized 3DIG scaffolds was 

characterized by scanning electron microscopy (SEM, Hitachi S-4800 II). Crystal 

structures were analyzed by X-ray diffraction (XRD, Rigaku SmartLab) using Cu 

Kα radiation, with standard nickel diffraction peaks provided for reference. 

Elemental analysis was collected by an SEM equipped with Thermo Fisher Apreo, 

Oxford Ultimax EDS, Aztec 5.1. 

3.3.6 Electrochemical measurements 

Electrochemical measurements of 3DIG and 3DG were performed using a CHI 

660D electrochemical workstation in a two-electrode configuration in a 1.0 M KOH 

solution. For each sample, cyclic voltammetry (CV) was first performed within a 

cell-voltage window of 0.6 to 3.0 V for 40 cycles at a scan rate of 10 mV s-1, and 

then LSVs were collected at 1.0 mV s-1. EIS measurements were performed at cell 

voltages corresponding to different current densities (10, 50, 100, and 200 mA cm-

2), derived from the LSVs, utilizing a frequency range from 100 kHz to 1 Hz, and 

an amplitude of 5 mV. The RS and the RCT were obtained from the Nyquist plots. 

The water splitting stability test was performed at room temperature in a two-

electrode configuration at various voltages. ECSA was determined by measuring 

the capacitive current associated with double-layer charging from the scan-rate 

dependence of CVs. LSV and EIS data were collected at various temperatures by 

placing the electrocatalytic cell in a thermally controlled water bath. 

The ECSA values of 3DIG and 3DG were determined using a previously 

reported method.18 Specifically, a series of CV curves were collected within a 

potential window ranging from 0.1 to 0.2 V where no faradaic reaction occurred. 
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The scan rate varied between 2 and 10 mV s-1 at an interval of 2.0 mV s-1. A linear 

plot was generated from the difference between janodic and jcathodic (at 0.15 V) versus 

scan rate, and the slope of this plot represents the electrode’s areal capacitance and 

is proportional to its ECSA. The ECSA of each sample was calculated based on the 

following equation (Equation 3.1): 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 =  
𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝐴𝐴
𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟

 (Equation 3.1) 

Where, 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the areal capacitance, which is half the slope of the generated 

plot, 𝐴𝐴  is the geometric area of the electrode, and 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟  is the nominal areal 

capacitance for Ni (40 μF cm-2).19 

3.3.7 Simulation 

The diffusion equation (Equation 3.2), accounting for both concentration and 

potential gradients, was employed to investigate the diffusion kinetics of the 3DIG 

and 3DG cells, 

 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= ∇ ∙ �𝐷𝐷 �∇𝑐𝑐 + 𝑐𝑐𝑐𝑐
𝑘𝑘𝑘𝑘
∇𝜙𝜙��, (Equation 3.2) 

where 𝑐𝑐 is concentration, 𝐷𝐷 is ionic diffusivity in the electrolyte, 𝑍𝑍 is the 

charge of the ionic species, 𝜙𝜙  is the electric potential field, 𝑇𝑇  is absolute 

temperature and 𝑘𝑘  is the Boltzmann constant. The electric potential field 𝜙𝜙 

follows Poisson’s equation (Equation 3.3),  

 ∇2𝜙𝜙 =
𝜌𝜌
𝜖𝜖

 
(Equation 

3.3) 

where 𝜌𝜌  and 𝜖𝜖  are volumetric charge and permittivity. Unit cells of the 

3DIG and 3DG structures were used in simulations. In the 3DG structure, the x and 

z directions are treated as periodic, while the y direction is fixed to simulate two 



56 
 

parallel, separate electrodes. The same boundary conditions were applied to the 

3DIG for a fair comparison. We considered a dilute limit for solving the electric 

field distribution, which was then used as input for the diffusion equation. All 

simulation parameters (Table 3.2) were non-dimensionalized to enhance the 

efficiency of numerical solutions. 

Table 3.2. Simulation parameters for 3DIG and 3DG. 

𝐿𝐿𝑥𝑥 𝐿𝐿𝑦𝑦 𝐿𝐿𝑧𝑧 𝐷𝐷∗ Δ𝑐𝑐∗ Δ𝜙𝜙∗ 

100 (220) 100 100 10 1 4 

 

All simulation parameters are non-dimensionalized. 𝐿𝐿𝑖𝑖 , 𝑖𝑖 = 𝑥𝑥, 𝑦𝑦, 𝑧𝑧  is the 

simulation cell size. The 𝐿𝐿𝑥𝑥 is 100 and 200 for 3DIG and 3DG simulation cell, 

respectively. 𝐷𝐷∗  is the normalized diffusivity. Δ𝑐𝑐∗  and Δ𝜙𝜙∗  is the applied 

concentration and potential difference between two electrodes. 

3.4 Results and discussion 

3.4.1 Surface morphology and structural characterization 

The structural features of the 3DIG electrode were first examined. Figure 3.1a 

schematically illustrates the interpenetrating architecture, in which two independent 

gyroid networks (Gyroid 1 and Gyroid 2) are interwoven within the same volume. 

The fabrication process is outlined in Figure 3.1b: a polymer scaffold was printed, 

followed by surface activation, electroless plating, and nickel electrodeposition to 

yield the final metallized 3DIG electrode. Digital images (Figures 3.1c, d) 

confirmed that the interpenetrating framework was successfully reproduced, with 

two distinct gyroid networks extending continuously throughout the electrode 

volume. SEM imaging provided detailed insight into morphology. Low-
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magnification SEM (Figure 3.1e) showed that the gyroid framework was preserved 

after metallization, with strut thicknesses of ~650-680 μm and channel openings of 

~2.7 mm, consistent with the designed geometry. High-magnification SEM of the 

strut surface (Figure 3.1f) revealed a continuous nickel coating with granular 

texture, indicating that the electroless plating and electrodeposition processes 

produced conformal coverage without blocking the ordered transport channels. 

Elemental mapping of a representative strut (Figure 3.1g) confirmed a 

homogeneous distribution of nickel, demonstrating that metallization achieved 

uniform coverage across the entire scaffold, including the internal regions. 

 

Figure 3.1. (a) Schematic illustration of an interpenetrating gyroid structure. 

Gyroid 1 and Gyroid 2 are highlighted with red and blue curves, respectively. (b) 

Schematic diagram showing the fabrication process of 3DIG. (c) Digital image of 

3DIG. (d) Magnified image of the boxed region in (c). (e) SEM image of 3DIG 

showing the strut thickness and pore size. (f) SEM image of the surface of a 3DIG 

strut after metallization. (g) EDS elemental mapping of a single 3DIG strut showing 

the uniform distribution of Ni. 
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For comparison, the separate double 3D-printed gyroid (3DG, Figure 3.2a) 

electrodes were also characterized. A digital image of the 3DG device is shown in 

Figure 3.2b, where gyroid 1 and gyroid 2 were printed as independent scaffolds 

and arranged face-to-face with a finite interelectrode gap. SEM images (Figures 

3.2c-e) confirmed the periodic arrangement of channels within the gyroid lattice. 

The struts displayed smooth curvature and well-defined pores, while the metallized 

surfaces appeared continuous and free of pore blockage, indicating that the coating 

procedures preserved the designed structure. Unlike the 3DIG configuration, 

however, the two gyroid networks in 3DG remain separate, resulting in longer ionic 

diffusion pathways across the electrode gap. 

 

Figure 3.2. (a, b) Digital image of 3DG, where Gyroid 1 and Gyroid 2 electrodes 

are arranged in a separate configuration. (c-e) SEM images of a gyroid lattice under 

different magnifications. 

 

The crystalline structure of the metallized electrodes was probed by X-ray 

diffraction (Figure 3.3). Both 3DIG and 3DG exhibited three major reflections at 

44.5°, 51.8°, and 76.4°, which correspond to the (111), (200), and (220) planes of 

face-centered cubic Ni. These peaks match well with the reference Ni pattern 
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(PDF#04-0850), and no secondary phases were detected. The strong (111) 

reflection is consistent with the preferential orientation commonly observed in 

electrodeposited nickel. The similarity of diffraction profiles between 3DIG and 

3DG indicates that both electrodes consist of crystalline nickel, and that 

performance differences are primarily attributable to architectural configuration 

rather than compositional factors. 

 

Figure 3.3. XRD patterns of 3DIG and 3DG. Standard Ni diffraction (PDF# 04-

0850) is added for reference. 

 

3.4.2 Ionic transport characteristics from simulation 

Simulations were performed to compare ionic transport behavior in the 3DIG 

and 3DG architectures under constant concentration and potential gradients. Figure 

3.4a plots the average normalized ion concentration in the electrolyte as a function 

of normalized time. The 3DIG electrode rapidly reached equilibrium, with the 

average concentration approaching unity almost instantaneously. In contrast, the 

3DG electrode exhibited much slower equilibration, requiring significantly longer 

times to reach steady state. This result highlights the advantage of the 

interpenetrating configuration in accelerating ion replenishment across the 
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electrode volume. The spatial distribution of ion concentration at equilibrium 

further emphasizes these differences. In the 3DIG electrode (Figure 3.4b), the 

electrolyte concentration remained uniformly high throughout the channel network, 

indicating that the ordered interpenetrating architecture facilitates efficient ion 

transport and suppresses localized depletion zones. By comparison, the 3DG 

electrode (Figure 3.4c) displayed strong concentration gradients near the electrode 

surfaces, with pronounced depletion regions in the interelectrode gap. These 

findings are consistent with the longer effective diffusion distances inherent to the 

separated configuration. 

The effect of electrode architecture on potential distribution was also analyzed. 

Figure 3.4d shows the normalized electric potential gradient magnitude in the 

3DIG structure, which was uniformly distributed across the volume with minimal 

localized intensification. This indicates that the interpenetrating channels promote 

homogeneous electric field distribution and reduce resistive losses. In contrast, the 

3DG electrode (Figure 3.4e) exhibited steep potential gradients concentrated near 

the electrode-electrolyte interface, reflecting inefficient ionic conduction and non-

uniform utilization of the electrode. Overall, the simulation results demonstrate that 

the 3DIG architecture substantially improves ionic transport compared to the 

separated 3DG. 
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Figure 3.4. Simulation comparing ion diffusion kinetics in 3DIG and 3DG, driven 

by constant concentration and electric potential gradients. (a) Average normalized 

ion concentration in the electrolyte as a function of normalized time. Normalized 

equilibrium concentration distribution in (b) 3DIG and (c) 3DG. Normalized 

electric potential gradient magnitude in (d) 3DIG and (e) 3DG. 

 

3.4.3 Electrochemical performance 

We studied the electrochemical performance of the 3DIG and 3DG. To 

evaluate the influence of geometric design parameters on electrochemical 

performance, interpenetrating gyroid electrodes with different unit cell lengths were 

fabricated (Figure 3.5a and Table 3.1). Digital images of the printed structures 

(Figures 3.5b-d) show well-defined 3DIG architectures with unit cell lengths of 4, 

6, and 8 mm, corresponding to overall electrode thicknesses of 3.5, 5.5, and 8.0 mm, 

respectively. The ordered channels were preserved across all feature sizes, enabling 

systematic investigation of the effect of structural dimension on transport behavior. 
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Figure 3.5. (a) Schematic illustration of a repeating unit in the interpenetrating 

gyroid structure. Digital images show interpenetrating gyroid structures with 

different unit cell lengths (b) 4 mm, (c) 6 mm, and (d) 8 mm. These electrodes’ 

thicknesses are 3.5 mm, 5.5 mm, and 8 mm, respectively. 

 

LSV curves collected in 1.0 M KOH at a scan rate of 1.0 mV s-1 revealed clear 

feature-size-dependent performance. (Figure 3.6a) The 3DIG electrode with a unit 

cell length of 4 mm exhibited the highest geometric current density, reaching nearly 

1000 mA cm-2 at ~2.85 V. By comparison, electrodes with 6 and 8 mm unit cells 

achieved the current densities of only 659 and 449 mA cm-2 respectively, at the same 

cell voltage, reflecting increased transport resistance associated with longer 

pathways and thicker electrodes. To decouple the contribution of electrochemically 

active surface area (ECSA), the current densities were normalized by ECSA values 

(Table 3.3). Even after normalization, as shown in Figure 3.6b, the 4 mm electrode 

maintained superior activity compared to the 6 and 8 mm counterparts. This result 

indicates that the performance improvement cannot be attributed solely to a larger 

accessible surface area. Instead, the smaller unit cell length and reduced electrode 

thickness shorten ionic diffusion distances, improve electrolyte penetration, and 
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facilitate bubble evacuation, thereby mitigating ion transport limitations at high 

current densities. 

 

Figure 3.6. LSVs of 3DIG with different feature sizes collected in 1.0 M KOH at a 

scan rate of 1.0 mV s-1 (a) under geometric current density and (b) are plotted in 

ECSA-normalized current density. 

 

Table 3.3. The ECSA of 3DIG with different feature sizes 

Feature size (mm) ECSA (cm2) 

4 95.25 

6 127.5 

8 95.75 

 

These findings demonstrate that optimizing the feature size of interpenetrating 

gyroid electrodes plays a critical role in enhancing their high-rate performance. The 

4 mm gyroid configuration provides the most favorable balance between structural 

integrity and transport efficiency, establishing it as the optimal design for 

subsequent electrochemical testing. 

The electrochemical performance of the 3DG electrodes was also evaluated. 

Digital images of the fabricated electrodes are shown in Figure 3.7a. Two 
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independent gyroid scaffolds, denoted as gyroid 1 and gyroid 2, were arranged in a 

face-to-face configuration with a separation distance set to 5 mm, which represents 

the minimum spacing achievable in our test cell (Figure 3.7b). This geometry 

retains the structural characteristics of individual gyroids but introduces a finite 

ionic diffusion gap between the two electrodes. 

 

Figure 3.7. (a) Digital images of two 3DG electrodes. (b) The distance between the 

two 3DG electrodes was set to be 5 mm for the water splitting test. 

 

The polarization behavior of 3DG electrodes with varied separation distances 

is shown in Figure 3.8. When the interelectrode gap was reduced from 20 mm to 

10 mm and further to 5 mm, the current density at a given voltage increased 

correspondingly. The improvement at shorter spacing reflects reduced ionic 

transport distance across the electrolyte. However, even at the minimum separation 

of 5 mm, the 3DG electrodes required considerably higher voltages to reach 

industrially relevant current densities, indicating persistent mass-transport 

limitations imposed by the electrolyte gap. 
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Figure 3.8. (a) The schematic illustration of 3DG and (b) LSVs of 3DG with 

separation distances collected in 1.0 M KOH at a scan rate of 1.0 mV s-1 are plotted 

in geometric current density. 

 

A direct comparison of the optimized 3DIG electrodes with the 3DG 

configuration is presented in Figure 3.9 and 3.10. The interpenetrating architecture 

delivered dramatically enhanced performance, achieving 1000 mA cm-2 at ~2.85 V, 

whereas the 3DG electrodes produced less than quarter of that current density under 

the same potential (~225 mA cm-2). After normalization by ECSA (Figure 3.9), the 

3DIG electrodes still exhibited significantly superior activity (Figure 3.10), 

confirming that the advantage arises from architectural differences rather than 

variations in accessible surface area. Specifically, the interpenetrating design 

eliminates the bulk electrolyte gap between opposing electrodes and provides 

continuous, reduced ion pathways, thereby enabling more efficient transport and 

higher utilization of the electrode volume. 
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Figure 3.9. CV curves of (a) 3DIG and (b) 3DG collected in 1.0 M KOH at different 

scan rates from 2 to 10 mV s-1 at an interval of 2.0 mV s-1. The data obtained in the 

potential range from 0.1 to 0.2 V are used to determine the electrode’s ECSA. (c) 

The geometric current density of 3DIG and 3DG are plotted as a function of scan 

rate. 

 

 

Figure 3.10. LSVs of 3DIG and 3DG collected in 1.0 M KOH at a scan rate of 1.0 

mV s-1 are plotted in (a) geometric current density and (b) ECSA-normalized 

current density. 

 

3.4.4 Electrochemical impedance analysis 

Electrochemical impedance spectroscopy (EIS) was carried out to further 

probe the transport and interfacial properties of the interpenetrating 3DIG and the 

separate 3DG electrodes under different operating conditions. At room temperature, 
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the Nyquist plots of both electrodes displayed a characteristic high-frequency 

intercept and a semicircle (Figure 3.11a), which could be fitted using an equivalent 

circuit containing a solution resistance (RS) and a charge-transfer resistance (RCT). 

The 3DIG electrode exhibited a noticeably smaller high-frequency intercept and a 

significantly reduced semicircle diameter compared to 3DG, directly corresponding 

to lower RS and RCT values (Figures 3.11b and c). Quantitative analysis revealed 

that the solution resistance of 3DIG was reduced by more than a factor of two 

relative to 3DG, while its RCT was nearly halved. The lower RS reflects more 

efficient ionic conduction within the electrode, enabled by shorter transport 

distances and the elimination of the bulk electrolyte gap in the interpenetrating 

design. Meanwhile, the reduced RCT highlights improved interfacial kinetics, which 

can be attributed to more homogeneous ion access across the interconnected gyroid 

channels. These differences at room temperature already establish that the 

architectural features of 3DIG play a decisive role in mitigating both ionic transport 

resistance and kinetic barriers. 

 

Figure 3.11. (a) Nyquist plots of 3DIG and 3DG are obtained in a frequency range 

from 100 kHz to 1.0 Hz under an amplitude of 5 mV. Circles represent experimental 

data. The solid lines represent fitting curves based on the equivalent circuit model 

(inset). Histograms show the (b) RS and (c) RCT values of 3DIG and 3DG. 
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To further examine how temperature influences these resistive components, 

impedance measurements were conducted at 275, 298, and 318 K. As shown in 

Figure 3.12a, the LSV curves of both 3DIG and 3DG electrodes showed the 

expected decline in current density at lower temperatures due to reduced ionic 

diffusivity in alkaline electrolyte. However, the impact of temperature was far less 

pronounced for the 3DIG electrode. Even at 275 K, the 3DIG electrode was able to 

sustain substantially higher current densities at given voltages compared with the 

3DG electrode. The voltage ratio analysis at fixed current densities (200 and 400 

mA cm-2, Figure 3.12b) quantitatively illustrates this effect: although the 

performance gap narrowed slightly as temperature increased, the 3DIG electrodes 

consistently required lower voltages than 3DG across the full range. The advantage 

was most prominent at 275 K, where ionic mobility is most restricted at lower 

temperature, demonstrating that the interpenetrating channels of 3DIG substantially 

alleviate diffusion limitations under demanding conditions. 

 

Figure 3.12. (a) LSVs of 3DIG and 3DG collected in 1.0 M KOH at a scan rate of 

1.0 mV s-1 at different temperatures. (b) The 3DG/3DIG voltage ratios obtained at 

200 and 400 mA cm-2 are plotted as a function of temperature. 
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The Nyquist plots obtained at different temperatures further clarify these 

observations. For the 3DIG electrodes (Figure 3.13a), both the semicircle diameter 

and the high-frequency intercept remained small across the entire temperature range, 

reflecting stable and low values of both RS and RCT. In contrast, the 3DG electrodes 

(Figure 3.13b) showed a pronounced enlargement of the semicircle at lower 

temperatures, especially at 275 K, indicative of severe interfacial polarization and 

elevated solution resistance. The extracted resistance values (Figures 3.13c and d) 

confirmed that the RS of 3DG increased to several ohms at 275 K, whereas 3DIG 

maintained values close to 1.0 Ω. Similarly, the RCT of 3DG reached values above 

10.0 Ω at 275 K, while 3DIG stabilized around 3.5 Ω. This sharp contrast highlights 

that the ordered, reduced ion channels in the interpenetrating design provide a level 

of robustness against reduced diffusivity that cannot be achieved by the separated 

configuration. 
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Figure 3.13. Nyquist plots of (a) 3DIG and (b) 3DG collected in a frequency range 

from 100 kHz to 1.0 Hz at an amplitude of 5 mV at different temperatures. Circles 

are experimental data. Solid lines are fitting curves based on the equivalent circuit 

model. Histograms show the (c) RS, and (d) RCT of 3DIG and 3DG at different 

temperatures. 

 

The impedance behavior was also evaluated as a function of operating current 

density, spanning from 10 to 200 mA cm-2 (Figure 3.14). Nyquist plots of the 3DIG 

electrodes (Figure 3.14a) demonstrated a systematic reduction in semicircle size as 

current density increased, consistent with accelerated kinetics under stronger 

driving forces. The fitting results showed that RCT decreased from ~3.5 Ω at 10 mA 

cm-2 to below 1.0 Ω at 200 mA cm-2, while RS remained essentially constant at ~0.5-

0.7 Ω across the range (Figures 3.14c and d). By comparison, 3DG electrodes 

(Figure 3.14b) exhibited consistently larger semicircles and higher intercepts, with 

RS exceeding 2.0 Ω across the entire range and RCT starting as high as ~9.0-10.0 Ω 

at 10 mA cm-2 before dropping to ~2.0 Ω at 200 mA cm-2. The fact that 3DIG 

maintains both low RS and low RCT across current densities underscores that the 

interpenetrating architecture not only improves ionic transport but also sustains 

more uniform charge-transfer kinetics as the reaction rate increases. 
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Figure 3.14. Nyquist plot of (a) 3DIG and (b) 3DG, in a frequency range from 100 

kHz to 1.0 Hz at an amplitude of 5 mV at different current densities. Circles are 

experimental data. Solid lines are fitting curves based on the equivalent circuit 

model. Insets: Magnified Nyquist plots in the high-frequency region. Histograms 

show the (c) solution resistance and (d) charge transfer resistance of 3DIG and 3DG 

obtained at different current densities. 

 

In conclusion, these impedance studies provide a comprehensive picture of the 

transport advantages afforded by the 3DIG design. At room temperature, the 

interpenetrating electrode already exhibits significantly lower resistances than the 

separated 3DG. Under reduced temperatures, these advantages become even more 

pronounced, highlighting the robustness of the architecture in conditions where 

ionic diffusivity is typically the limiting factor. Furthermore, across a wide range of 

current densities, 3DIG maintains stable and low RS together with sharply reduced 
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RCT, enabling efficient operation at industrially relevant current densities. Overall, 

the EIS results confirm that the interpenetrating architecture fundamentally alters 

the transport environment by shortening diffusion lengths, and homogenizing ionic 

flux distribution, thereby providing a decisive advantage for high-rate alkaline 

water splitting. 

3.4.5 Long-Term Stability 

The durability of the 3DIG electrodes under high-rate operation was examined 

using chronoamperometric measurements in a beaker cell (Figure 3.15a). As shown 

in Figure 3.15b, the interpenetrating electrodes were operated at a fixed cell voltage 

of 2.4 V for 100 h. the initial current density is 366 mA cm-2, and it retains 97 % of 

its initial value after 100 h, demonstrating excellent long-term electrochemical 

stability under demanding conditions. 

 

Figure 3.15. (a) Digital image of 3DIG device. (b) The current density of 3DIG 

obtained at 2.4 V in 1.0 M KOH is plotted as a function of time. 

 

3.4.6 Catalyst modification of 3DIG electrodes 

To further enhance the electrochemical performance of the 3DIG electrode, 

surface modification was carried out following previously established strategies. 

Metallic Ni nanocones were first electrodeposited onto the gyroid electrode surface 
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to facilitate bubble release from the substrate. Our previous study demonstrated that 

nanocone-modified electrodes can promote gas bubble detachment by transforming 

the surface into an underwater superaerophobic state. This surface modification 

strategy was therefore applied to the 3DIG framework to improve gas-release 

dynamics while preserving the ordered architecture. 

After nanocone growth, the surface was further decorated with a layer of 

NiFeOOH catalyst using a previously reported electrodeposition method.17 Figure 

3.16a presents a digital image of the modified electrode (denoted as 

NiFeOOH@3DIG), where the originally shiny metallic surface of 3DIG became 

dark grey after the catalyst deposition. SEM images revealed that the additional 

coating on the interpenetrating electrodes was uniform and did not cause structural 

blockage or distortion of the gyroid channels (Figure 3.16b). Magnified SEM 

images confirmed the retention of the nanocone-modified surface morphology after 

NiFeOOH deposition (Figure 3.16c). 

Although the thin NiFeOOH catalyst layer was not directly distinguishable in 

SEM images, elemental mapping analysis showed a uniformly distributed Fe signal 

along the struts of the gyroid lattice (Figure 3.16d), confirming the successful and 

homogeneous deposition of NiFeOOH. Importantly, the interpenetrating gyroid 

architecture remained intact after both nanocone growth and catalyst coating, 

ensuring that the ordered porous network was preserved. 

Electrochemical measurements demonstrated that NiFeOOH@3DIG 

exhibited improved electrochemical performance compared to unmodified 3DIG, 

as evidenced by a reduction in overpotential (Figure 3.16e). These results indicate 

that combining nanocone-induced bubble detachment enhancement with NiFeOOH 
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catalytic activity provides a synergistic improvement in overall device performance 

while maintaining the structural advantages of the interpenetrating gyroid 

framework. 

 

Figure 3.16. (a) Digital image and (b) SEM image of NiFeOOH@3DIG. (c) 

Magnified SEM image showing the region highlighted by the box in (b). (d) EDS 

elemental mapping obtained from a strut of NiFeOOH@3DIG shows the 

distribution of Fe signal. (e) LSVs of 3DIG and NiFeOOH@3DIG collected in 1.0 

M KOH at a scan rate of 1.0 mV s-1. 

 

3.5 Conclusion 

In this chapter, we addressed the ion-diffusion limitations that emerge as a 

critical bottleneck in high-rate alkaline water splitting once bubble accumulation is 

mitigated. A 3D-printed interpenetrating gyroid electrode was developed to provide 
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ordered, and reduced interelectrode distance, thereby enhancing electrolyte 

accessibility and ionic transport. 

Structural analyses confirmed that the interpenetrating framework preserved 

high porosity and uniform metallization while maintaining the fidelity of the 

designed architecture. Finite element simulations demonstrated that 3DIG 

establishes smoother potential gradients and more uniform ionic concentration 

profiles compared to separated gyroid electrodes, consistent with lower tortuosity 

and improved transport behavior. Electrochemical impedance measurements further 

verified that the interpenetrating geometry reduces both solution resistance and 

charge-transfer resistance. Importantly, these transport advantages persisted even 

under reduced-temperature conditions, highlighting the robustness of the design. 

Finally, long-term chronoamperometric tests established that the 3DIG electrodes 

maintain their structural integrity and catalytic activity over extended operation. 

In conclusion, these findings demonstrate that interpenetrating gyroid 

architecture offers a general strategy to overcome ion-diffusion barriers in alkaline 

electrolyzers. By rationally engineering tortuosity, porosity, and electrode spacing, 

the 3DIG design complements the bubble-detachment strategy established in 

Chapter 2, providing a unified framework for addressing both gas and ion transport 

challenges in high-rate water splitting. 
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Chapter 4 

Ni3+-Enriched Nickel Sulfide Catalysts for Urea Oxidation 

4.1 Abstract 

The high thermodynamic potential of the oxygen evolution reaction (OER, 

1.23 V vs. RHE) fundamentally limits the energy efficiency of alkaline water 

splitting, even when electrode architecture and bubble management are optimized. 

To address this intrinsic constraint, this chapter investigates the urea oxidation 

reaction (UOR) as an alternative anodic process with a substantially lower 

theoretical potential (0.37 V vs. RHE), enabling energy-efficient hydrogen 

generation while simultaneously treating urea-rich wastewater. Unlike conventional 

Ni-based catalysts that rely on in-situ electrochemical oxidation of Ni2+ to Ni3+ at 

elevated anodic potentials, this work develops a valence-state engineering strategy 

to intrinsically enrich Ni3+ species within a nickel sulfide framework by controlling 

sulfur precursor concentration during hydrothermal synthesis. Systematic structural 

and spectroscopic analyses confirmed that modulation of sulfur stoichiometry 

enables precise tuning of the Ni3+/Ni2+ ratio, establishing a direct correlation 

between intrinsic Ni3+ enrichment and enhanced UOR kinetics. The optimized 

Ni3S2 catalyst delivers a current density of 100 mA cm-2 at 1.361 V vs. RHE and 

maintains stable operation for over 100 h under alkaline UOR conditions. 

Electrochemical impedance spectroscopy revealed accelerated interfacial charge-

transfer kinetics associated with increased Ni3+ content. Density functional theory 

calculations further demonstrate that sulfur incorporation modifies the electronic 

environment of Ni sites, providing a more energetically favorable pathway for C-N 

bond cleavage and lowering the energy barrier of the rate-determining step 
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compared to sulfur-free Ni(OH)2. To assess system-level performance, the 

optimized catalyst is integrated into a three-dimensional interpenetrating electrode 

architecture and operated in a flow-cell configuration. The architecture-driven 

enhancement of mass transport and gas removal enables sustained high-rate 

operation under continuous UOR conditions. This chapter establishes intrinsic Ni 

valence modulation through sulfur engineering as an effective strategy to advance 

UOR kinetics, and demonstrates how coupling catalyst-level electronic control with 

device-level transport optimization provides a scalable pathway toward energy-

efficient hydrogen production integrated with wastewater remediation. 

4.2 Introduction 

Alkaline water splitting represents a promising technology for sustainable 

hydrogen production; however, its overall energy efficiency is fundamentally 

constrained by the anodic oxygen evolution reaction (OER).1-5 Despite extensive 

efforts devoted to improving OER electrocatalysts, the OER remains a major 

energy-limiting step in water splitting because of its high equilibrium potential of 

1.23 V vs. RHE and sluggish reaction kinetics.6-8 As demonstrated in Chapters 2 

and 3, interfacial bubble management and electrode architecture engineering can 

substantially alleviate mass-transport limitations and enable stable operation at 

industrially relevant current densities. Nevertheless, even when transport-related 

constraints are mitigated, the high anodic potential associated with OER remains a 

dominant bottleneck that limits further reductions in cell voltage and overall energy 

consumption. 

A promising strategy to address this limitation is to replace the OER with a 

more thermodynamically favorable anodic oxidation reaction. Among various 
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candidates, the urea oxidation reaction (UOR) is particularly attractive due to its 

much lower theoretical potential of 0.37 V vs. RHE.9-11 When coupled with the HER, 

UOR-enabled electrolysis substantially reduces the required energy input compared 

to conventional water splitting. Moreover, since urea originates largely from human 

and animal urine as well as fertilizer runoff, it is abundant in various wastewater 

streams.12-14 Therefore, integrating UOR with water splitting not only enhances 

energy efficiency but also enables simultaneous wastewater remediation. 

Despite these advantages, UOR is kinetically sluggish. The reaction involves 

a complex six-electron transfer process (CO(NH2)2 + 6OH- → N2 + CO2 + 5H2O 

+ 6e-), accompanied by multiple bond-breaking and bond-forming steps.15, 16 

Among these, urea adsorption, dehydrogenation, and C-N bond cleavage constitute 

the primary kinetic barriers. Consequently, the development of high-performance 

and stable electrocatalysts is essential. Nickel-based catalysts have emerged as 

promising candidates owing to their earth abundance, favorable electronic structure, 

and electrochemical properties.17-21 Their catalytic mechanism is strongly 

influenced by electrolyte composition and pH.11, 22-24 In alkaline media, most Ni-

based (pre)catalysts such as Ni(OH)2 undergo in-situ oxidation from Ni2+ to NiOOH, 

generating catalytically active Ni3+ species. These Ni3+ sites promote the adsorption 

and dehydrogenation of urea molecules into CO* and NH* intermediates, 

eventually producing N2 and CO2.25, 26 However, this Ni2+ →  Ni3+ valence 

transition typically occurs at relatively high potentials (~1.36 V vs. RHE), leading 

to additional energy input and higher overpotential.27 Furthermore, NiOOH often 

suffers from poor electrical conductivity. Therefore, strategies that promote Ni3+ 
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formation at lower potentials28, 29 or intrinsically enrich Ni3+ within the catalyst 

framework30 represent promising approaches for improving UOR efficiency. 

In this chapter, a controllable hydrothermal synthesis strategy is developed to 

tune the sulfur stoichiometry of nickel sulfide (Ni3S2), enabling intrinsic enrichment 

of Ni3+ species within the catalyst. X-ray photoelectron spectroscopy (XPS) 

analysis confirms that adjusting the sulfur precursor concentration allows 

systematic tuning of the Ni3+/Ni2+ ratio. The optimized Ni3S2 electrode achieves a 

current density of 100 mA cm-2 at only 1.361 V vs. RHE and maintains over 90% 

of its initial activity after 100 h of continuous operation. Density functional theory 

(DFT) calculations further reveal that Ni3S2 significantly lowers the free energy 

barrier for the dissociation of adsorbed CO(NH2)2* into CO* and NH* 

intermediates compared to sulfur-free Ni(OH)2, and that increasing the Ni3+ fraction 

within the sulfide framework further reduces the activation barrier of the rate-

determining step. Beyond catalyst-level optimization, Ni3S2 is integrated with the 

three-dimensional interpenetrating electrode architecture developed and evaluated 

in a flow-cell configuration. This architecture-driven approach enhances mass 

transport, facilitates gas bubble transport, and enables stable high-rate operation. 

Through the combined strategies of reaction-level substitution, valence-state 

engineering, and architecture-enabled transport optimization, this chapter 

establishes an effective pathway toward energy-efficient hydrogen production 

coupled with urea-rich wastewater remediation. 
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4.3 Experimental section 

4.3.1 Structural characterization 

Sample morphologies and elemental mapping of samples were characterized 

by SEM (Thermo Scientific Scios 2 DualBeam, equipped with an Oxford 

Instruments AZtecLive Ultim Max 100 EDS detector). Crystal phases were 

investigated by XRD (Rigaku SmartLab). XPS spectra were collected by using 

Kratos Analytical AXIS Ultra Delay-Line Detector (DLD) instrument. Prior to XPS 

measurements, samples underwent electrochemical conditioning: specifically, 40 

cyclic voltammetry (CV) cycles were performed in 1.0 M KOH within a potential 

window of 0 to 0.8 V vs. Hg/HgO at 10 mV s-1, LSVs were collected before and 

after the CV scans, and the conditioning was considered complete once the pre- and 

post-CV LSV curves overlapped, indicating that the electrode had reached a stable 

state. Transmission electron microscopy (TEM) images were acquired using a FEI 

Talos F200X microscope. 

4.3.2. 3D printing of interpenetrated polymer substrates and flow cell device 

Interpenetrated lattice polymer structures were printed using a commercial 

masked stereolithography apparatus (Mars 5 Ultra, Elegoo). The KC-body centered 

cell interpenetrated electrodes used in this work were generated using 3D computer 

graphics and computer aided design software (nTopology). Both BCC and KC use 

a 3 × 3 × 3 mm unit cell. The unit cells were repeated in a 5 × 4 grid resulting in a 

15 × 12 × 3 mm interpenetrated electrode. The outer support is made up of a simple 

cubic lattice with a unit cell of 1 × 1 × 1 mm with overall dimensions of 30 × 22 × 

5 mm. Flow cell components were fabricated on a commercial stereolithography 

3D printer (Form 3, Formlabs) using Autodesk Inventor for CAD design. All 3D-
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printed parts were rinsed and sonicated in isopropyl alcohol for 10 min to remove 

uncured resin, and then post-cured under 405 nm light (Form Cure, Formlabs) at 

60 °C for 1 h. 

4.3.3 Ni deposition of 3D-printed interpenetrating electrodes 

Metallization of the 3D-printed polymer substrate followed a previously 

reported method with minor modifications.31 First, the printed structures were 

immersed in 300 mL of 1.0 M NaOH solution at 45 °C for 30 min to activate the 

surface. They were then sequentially treated in two separate solutions: one 

containing 6.0 g of SnCl2 and 6.0 mL of HCl, and another containing 60 mg of PdCl2 

and 1.5 mL of HCl, both maintained at 45 °C for 1 h. These sensitization and 

activation steps enabled the deposition of Pd catalytic sites via redox interactions. 

Next, the substrates underwent electroless nickel plating by immersion in 300 mL 

of a solution composed of 3.9 g NiSO4, 6.3 g citric acid, and 3.18 g sodium 

hypophosphite at 70 °C for 10 minutes, yielding a conductive Ni-P coating. In this 

process, Pd particles functioned as nucleation sites for Ni-P deposition, facilitating 

the formation of a uniform metal layer across the polymer surface. To further 

improve electrical conductivity, electrochemical nickel deposition was performed 

in a two-electrode setup, where the nickel-coated polymer substrate served as the 

working electrode and a piece of Ni foam was used as the counter electrode. The 

deposition bath consisted of 100 mL of aqueous solution containing 4.0 g NiSO4 

and 0.64 g NH4Cl. A potential of 2.0 V was applied for 1 h. After deposition, the 

samples were rinsed thoroughly with deionized water and ethanol and air-dried to 

obtain metallized 3D-printed interpenetrating electrode (3DIE). 
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4.3.4. Synthesis of nickel sulfide on Ni substrates 

A piece of Ni foam (1.5 × 3 cm) or 3DIE (1.2 × 1.5 cm) was immersed in a 

solution containing thioacetamide (0, 10, 20, 30 and 40 mM), sodium sulfate (0.65 

mM), and sodium hydroxide (11.25 mM) in 15 mL of deionized water. Prior to use, 

the Ni foam substrate was cleaned by sonication in acetone, 3.0 M HCl, and ethanol 

for 15 minutes each. The solution and Ni foam were then transferred into a 30 mL 

Teflon-lined stainless-steel autoclave. The sealed autoclave was heated at 150 °C in 

an electric oven for 6 h and then allowed to cool down to room temperature. The Ni 

substrate was taken out, thoroughly washed with deionized water and ethanol, and 

dried under ambient conditions. The Ni foam-based samples with different 

concentrations of thioacetamide were labelled as Ni(OH)2, Ni3S2_1.0, Ni3S2_2.0, 

Ni3S2_3.0, Ni3S2_4.0, respectively.  

4.3.5. Preparation of Ni3S2-modified 3DIE for electrochemical tests 

In order to make both sides of the electrodes independently addressable a small 

portion of the supporting scaffold was cut out using a razor blade. The hole in the 

supporting arm was then filled with epoxy and allowed to dry. This was done one 

side at a time, and the epoxy was allowed to fully dry in between to ensure the two 

sides of the electrode did not touch. For samples coated in the Ni3S2 catalyst, an 

additional Ni layer of nickel was electrodeposited onto the BCC lattice to serve as 

both the counter and reference electrode. Then stainless-steel foils were attached 

using conductive silver colloidal paint to act as contact points for the 

electrochemical testing. Finally, epoxy was used to seal the supporting scaffold, 

leaving only the interpenetrated part of the electrode exposed as the active area. 
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4.3.6. Electrochemical measurements 

Electrochemical measurements were performed for as-prepared catalysts on 

the CHI 660D electrochemical workstation in a three-electrode configuration in a 

solution containing 1.0 M KOH and 0.33 M urea. The as-prepared catalysts served 

as the working electrode; carbon rod was selected as the counter electrode and 

Hg/HgO was used as the reference electrode. For each sample, CV was first 

performed in a potential window of 0 to 0.8 V versus Hg/HgO for 40 cycles at a 

scan rate of 10 mV s-1, and then LSVs were collected at 1.0 mV s-1. EIS 

measurements were performed at the different voltages, utilizing a frequency range 

from 100 kHz to 1 Hz, and an amplitude of 5 mV. The RS and the RCT were obtained 

from the Nyquist plots. All LSV data were 85% iR corrected based on EIS data. The 

overall water splitting test was performed at room temperature in a two-electrode 

configuration at various voltages. ECSA was determined by measuring the 

capacitive current associated with double-layer charging from the scan-rate 

dependence of CVs. Interpenetrated electrodes were tested in a two-electrode 

configuration on the CHI 660D electrochemical workstation. The kelvin lattice 

served as the working electrode and the BCC lattice as the working and counter 

electrode. CVs were conducted to stabilize the electrode with a potential window 

of 0.8 to 2.5 V for 40 cycles. LSVs were collected at 1.0 mV s-1 in a solution 

containing 1.0 M KOH and 0.33 M urea. 

4.3.7. In-situ Raman spectroscopy 

In-situ Raman spectra were collected using a Renishaw inVia Plus Raman 

microscope equipped with a 532 nm laser source. The spectral range was 100-2000 

cm-1 with an exposure time of 120 s and one accumulation per spectrum. The laser 
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power was set to 10%, and a 50× long-working-distance objective was used. 

Electrochemical Raman measurements were conducted in a standard three-

electrode configuration with a Pt wire as the counter electrode and a Hg/HgO 

electrode as the reference electrode. The electrolyte consisted of 1.0 M KOH with 

0.33 M urea. Before data acquisition, the working electrode was stabilized at open 

circuit potential (OCP) for 3 min. Raman spectra were then sequentially collected 

at applied potentials ranging from 1.20 to 1.40 V vs. RHE in 0.05 V increments. At 

each potential, the system was held for 3 min prior to spectral acquisition to ensure 

stabilization. 

4.3.8. Simulation 

All periodic DFT calculations were carried out using the GPAW code, which 

implements the projector augmented wave (PAW) method on a real-space plane-

wave grid.32 The exchange-correlation energy was treated using the Perdew-Burke-

Ernzerhof (PBE) functional within the generalized gradient approximation 

(GGA).33 A plane-wave basis set with a kinetic energy cutoff of 600 eV was 

employed to represent the valence electrons. Spin-polarized calculations were 

performed using the Methfessel-Paxton smearing method with a width of 0.2 eV to 

improve convergence. 

The Ni3S2 surface with an adsorbate was modeled using a slab generated from 

the heazlewoodite bulk phase (space group R3̅2, COD ID: 9007640), as originally 

reported by Parise et al.34 The (110) surface was constructed using the ASE surface 

builder with two atomic layers and approximately 30 Å of vacuum along the surface 

normal, followed by expansion to a 3 × 3 in-plane supercell. The resulting slab 

geometry was placed in a triclinic simulation cell defined by the lattice vectors a = 
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(18.09, 0.00, 0.00) Å, b = (-3.56, 10.78, 0.00) Å, and c = (0.00, 0.00, 66.08) Å, 

providing more than 30 Å of vacuum separation between periodically repeated slabs. 

The Ni(OH)2 slab was built from the bulk structure provided in the CIF file35 (space 

group P1, lattice parameters a = b = 3.341 Å, c = 4.396 Å, γ = 120°), corresponding 

to the layered brucite-type Ni(OH)2 phase. The (110) surface was constructed using 

the ASE surface builder. The slab was then expanded to a 3 × 3 × 1 supercell to 

reduce lateral interaction between periodically repeated images. GPAW calculations 

were performed in plane-wave mode, which employs three-dimensional periodic 

boundary conditions. Periodic boundary conditions were applied in the x and y 

directions, while the z direction was kept non-periodic. The Brillouin zone was 

sampled at the Γ point only. Geometry optimization was performed using the BFGS 

algorithm as implemented in the Atomic Simulation Environment (ASE)36 until all 

residual forces were below 0.05 eV/Å. The final optimized structures were 

visualized by using the VESTA program.37 

 

4.4 Results and discussion 

4.4.1. Surface morphology and structural characterization 

Ni3S2 catalysts were directly grown on nickel foam substrates via a one-step 

hydrothermal sulfurization process, with the sulfur precursor concentration varied 

to tune the extent of sulfur incorporation (Figure 4.1a). XRD patterns of the as-

prepared samples are shown in Figure 4.1b. The control sample synthesized in the 

absence of sulfur precursor exhibits diffraction peaks characteristic of nickel 

hydroxide (Ni(OH)2), consistent with the formation of a hydroxide phase under 

alkaline hydrothermal conditions. In contrast, all sulfurized samples display 
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diffraction peaks that can be indexed to the Ni3S2 phase, indicating successful 

conversion of the nickel substrate into crystalline nickel sulfide. Importantly, no 

additional impurity phases are detected across the entire sulfur precursor 

concentration range investigated, suggesting that the hydrothermal sulfurization 

process yields phase-pure Ni3S2 regardless of sulfur loading. The similarity in 

diffraction peak positions and relative intensities among the Ni3S2 samples further 

indicates that variation of sulfur precursor concentration does not induce significant 

changes in the bulk crystal structure. 

 

Figure 4.1. (a) Schematic illustration of the hydrothermal synthesis of Ni3S2. (b) X-

ray diffraction patterns of Ni(OH)2, Ni3S2_1.0, Ni3S2_2.0, Ni3S2_3.0 and Ni3S2_4.0. 

Standard diffraction patterns of Ni(OH)2 (PDF# 14-0117), Ni3S2 (PDF# 44-0805) 

and metallic Ni (PDF# 04-0850) are added for reference. 

 

The surface morphology of the catalysts was examined using SEM. As shown 

in Figure 4.2 a-e, both the control and sulfurized samples exhibit a uniformly 

roughened surface composed of interconnected nanoscale features covering the 

nickel foam substrate. The overall morphology remains largely consistent across 

the Ni3S2 series, despite variations in sulfur precursor concentration (Table 4.1), 

indicating that the sulfurization process primarily modifies the chemical 
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composition and electronic structure rather than inducing drastic morphological 

reconstruction. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping 

was further employed to probe the spatial distribution of the elements. 

Representative EDS maps confirm the homogeneous distribution of nickel and 

sulfur across the catalyst surface for all sulfurized samples, with no evidence of 

localized sulfur-rich or sulfur-deficient regions. Quantitative EDS analysis (Table 

4.1) reveals a progressive increase in sulfur content with increasing sulfur precursor 

concentration, approaching the stoichiometric composition of Ni3S2. The uniform 

elemental distribution observed across large surface areas suggests that the 

hydrothermal sulfurization process produces compositionally homogeneous Ni3S2 

coatings, thereby minimizing structural or compositional heterogeneity that could 

otherwise complicate interpretation of electrochemical behavior. 

 

Figure 4.2. (a-e) SEM images of Ni(OH)2, Ni3S2_1.0, Ni3S2_2.0, Ni3S2_3.0 and 

Ni3S2_4.0, along with corresponding elemental mappings for O, Ni, and S. Scale 

bars are 100 μm. 
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Table 4.1. Summary of the measured weight percentages and calculated atomic 

percentages of Ni, O, and S for the control and sulfurized samples. 

Catalyst 
Ni 

(wt %) 
O (wt %) S (wt %) 

Ni 

(at %) 
O (at %) S (at %) 

Ni(OH)2 96.8 3.2 - 89.2 10.8 - 

Ni3S2_1.0 78.7 1.1 20.2 65.7 3.4 30.9 

Ni3S2_2.0 75.3 0.5 24.2 62.0 1.5 36.5 

Ni3S2_3.0 73.2 1.4 25.4 58.6 4.1 37.2 

Ni3S2_4.0 71.9 2.7 25.4 56.0 7.7 36.2 

 

4.4.2 Electronic Structure and Valence-State Analysis 

To elucidate the impact of sulfurization on the electronic structure of nickel 

centers and to quantitatively evaluate the extent of valence-state modulation, XPS 

was systematically employed to analyze the chemical states of Ni and S in the 

synthesized catalysts. Because Ni3+ species are widely recognized as the 

catalytically active sites for urea oxidation in alkaline media, particular emphasis 

was placed on accurately determining the Ni3+/Ni2+ ratio using a rigorously 

constrained and internally consistent fitting protocol. In order to ensure the 

reliability of the extracted chemical-state information and to avoid artificial 

enhancement of fit quality through excessive peak splitting, all Ni 2p spectra were 

analyzed by simultaneously considering both the Ni 2p3/2 and Ni 2p1/2 regions under 

identical fitting constraints. Figure 4.3 presents the high-resolution Ni 2p spectra 

of representative Ni3S2 samples together with the Ni(OH)2 control. All spectra 

exhibit clearly resolved spin-orbit doublets corresponding to the Ni 2p3/2 and Ni 

2p1/2 core levels, accompanied by characteristic shake-up satellite features typical 
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of nickel-based compounds. The spin-orbit doublets were fitted using a fixed energy 

separation and a fixed area ratio of 2:1 (2p3/2:2p1/2), consistent with theoretical 

degeneracy. The corresponding doublets were constrained to possess identical 

linewidths, and satellite peaks were incorporated following commonly accepted 

fitting practices. A consistent Shirley background subtraction method and identical 

fitting energy window were applied to all samples to ensure strict comparability 

across the dataset. Importantly, the number of fitting components was limited to the 

minimum chemically justified set required to reproduce the experimental spectra, 

and no additional peaks were introduced unless supported by distinct spectral 

features. 

The deconvoluted Ni 2p3/2 region can be consistently resolved into two 

primary components centered at approximately 855.4 eV and 856.5 eV, which are 

assigned to Ni2+ and Ni3+ species, respectively, in accordance with previous studies 

on nickel-based hydroxides and sulfides.38 Quantitative analysis of the 

electrochemically operated (spent) catalysts reveals that the Ni3+/Ni2+ ratios derived 

from the Ni 2p3/2 region are 1.63, 1.92, 1.95, 3.69, and 3.20 for Ni(OH)2, Ni3S2_1.0, 

Ni3S2_2.0, Ni3S2_3.0, and Ni3S2_4.0, respectively. Independent extraction of the 

Ni3+/Ni2+ ratios from the Ni 2p1/2 region yields corresponding values of 0.64, 1.12, 

1.21, 2.24, and 2.05 for the same sequence. Although the absolute values obtained 

from the 2p1/2 region are systematically lower, likely due to stronger satellite and 

background contributions in this region, the monotonic trend across the Ni3S2 series 

remains fully consistent with that observed from the 2p3/2 region, thereby 

confirming the robustness of the valence-state evolution. In the quantitative 

discussion throughout this chapter, the Ni3+/Ni2+ ratios derived from the Ni 2p3/2 
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region are used because this peak exhibits stronger signal intensity and more clearly 

defined peak envelopes compared to the Ni 2p1/2 region, enabling more reliable 

numerical extraction. 

 

Figure 4.3. Ni 2p XPS spectra of spent catalysts: (a) Ni(OH)2, (b) Ni3S2_1.0, (c) 

Ni3S2_2.0, (d) Ni3S2_3.0 and (e) Ni3S2_4.0. (f) Histogram showing the Ni3+/Ni2+ 

ratio in the spent Ni3S2 samples and Ni(OH)2. Quantitative analysis of the Ni3+/Ni2+ 

ratios was performed using the Ni 2p3/2 peak due to its superior signal intensity and 

more clearly defined peak envelopes compared to the Ni 2p1/2 region. 

 

To further strengthen the reliability of the XPS analysis and to evaluate the 

influence of electrochemical activation on the nickel valence states, additional Ni 

2p measurements were performed on fresh (non-electrochemically activated) 

samples using exactly the same fitting parameters, background subtraction method, 

and constraints as those applied to the spent electrodes (Figure 4.4). For the fresh 

catalysts, the Ni3+/Ni2+ ratios extracted from the Ni 2p3/2 region are 1.59, 1.81, 1.87, 
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3.41, and 3.06 for Ni(OH)2, Ni3S2_1.0, Ni3S2_2.0, Ni3S2_3.0, and Ni3S2_4.0, 

respectively, while those derived from the Ni 2p1/2 region are 0.60, 0.91, 0.92, 1.88, 

and 1.70. Comparative analysis shows that the spent catalysts exhibit higher Ni3+ 

fractions relative to their fresh counterparts, which can be attributed to partial 

surface oxidation and reconstruction under alkaline UOR conditions. Importantly, 

despite this moderate increase in overall Ni3+ content after operation, the relative 

ordering of Ni3+ enrichment among the Ni3S2 series remains unchanged, indicating 

that the intrinsic differences in valence state established during synthesis persist 

under electrochemical conditions. 

 

Figure 4.4. Ni 2p XPS spectra of fresh catalysts: (a) Ni(OH)2, (b) Ni3S2_1.0, (c) 

Ni3S2_2.0, (d) Ni3S2_3.0 and (e) Ni3S2_4.0. (f) Histogram showing the Ni3+/Ni2+ 

ratio in the spent Ni3S2 samples and Ni(OH)2. Quantitative analysis of the Ni3+/Ni2+ 

ratios was performed using the Ni 2p3/2 peak due to its superior signal intensity and 

more clearly defined peak envelopes compared to the Ni 2p1/2 region. 
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The electronic interaction between nickel and sulfur was further examined 

through high-resolution S 2p XPS analysis (Figure 4.5). In response to concerns 

regarding fitting reliability, the S 2p spectra were reprocessed using a rigorously 

constrained fitting protocol in which the S 2p3/2 and S 2p1/2 spin-orbit doublets were 

explicitly considered with a fixed area ratio of 2:1 and a consistent Shirley 

background applied across all samples. The dominant S 2p3/2 peaks for Ni3S2_1.0, 

Ni3S2_2.0, Ni3S2_3.0, and Ni3S2_4.0 are located at 161.81, 162.08, 162.46, and 

162.32 eV, respectively. With increasing sulfur precursor concentration, the S 2p3/2 

peak exhibits an overall positive shift toward higher binding energy, reaching a 

plateau at Ni3S2_3.0. This shift indicates a decrease in electron density around sulfur 

atoms and is consistent with the enrichment of Ni3+ species and the corresponding 

modulation of the local electronic structure. Surface elemental analysis further 

reveals that Ni3S2_3.0 possesses the highest sulfur content (37.2 at%), whereas 

further increasing the sulfur precursor to 4 mmol does not increase sulfur 

incorporation (36.2 at%) but instead leads to increased oxygen content. Because the 

Ni3+ population is sensitive to the local S/O coordination environment, this 

compositional change likely accounts for the decrease in the Ni3+/Ni2+ ratio 

observed for Ni3S2_4.0 relative to Ni3S2_3.0. 
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Figure 4.5. S 2p XPS spectra of (a) Ni3S2_1.0, (b) Ni3S2_2.0, (c) Ni3S2_3.0 and (d) 

Ni3S2_4.0. 

 

4.4.3 Electrochemical performance 

Building upon the established valence-state modulation discussed above, the 

electrocatalytic performance of the synthesized catalysts toward the UOR was 

systematically evaluated in alkaline electrolyte containing urea. All electrochemical 

measurements were conducted under identical conditions to ensure meaningful 

comparison and to isolate the effect of sulfur-enabled electronic structure 

modulation on catalytic activity. In addition to evaluating UOR activity, OER 

performance was also measured in 1.0 M KOH to provide a reference for assessing 

the reaction selectivity and catalytic behavior of the Ni-based catalysts. 

Figure 4.6a and b present the linear sweep voltammetry curves of the Ni3S2 

catalysts with varying sulfur precursor concentrations, together with the Ni(OH)2 

control, recorded in 1.0 M KOH and in 1.0 M KOH containing 0.33 M urea, 
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respectively. As shown in Figure 4.6a, the OER activity varies only slightly among 

the Ni(OH)2 and Ni3S2 samples, with Ni(OH)2 exhibiting the best performance 

under the tested conditions. In contrast, a pronounced difference is observed for the 

UOR activity (Figure 4.6b). The catalytic activity follows a clear trend as a function 

of sulfur precursor concentration, with the order of activity observed to be 

Ni3S2_3.0 > Ni3S2_4.0 > Ni3S2_2.0 ≈ Ni3S2_1.0 > Ni(OH)2, indicating that sulfur 

incorporation significantly influences the UOR catalytic kinetics within the Ni3S2 

framework. Compared with the Ni(OH)2 sample, all Ni3S2 catalysts exhibit 

markedly enhanced UOR activity, as evidenced by lower onset potentials and higher 

current densities over the entire potential range. Among these samples, the 

Ni3S2_3.0 catalyst delivers the best catalytic performance. This optimized catalyst 

requires a potential of 1.361 V vs. RHE to reach a current density of 100 mA cm-2, 

which is substantially lower than that required for the Ni(OH)2 control. This result 

highlights the effectiveness of sulfur incorporation in tuning the electronic structure 

of nickel centers and demonstrates that sulfur-enabled valence-state engineering can 

significantly promote UOR activity in nickel sulfide catalysts. 

To further compare the catalytic performance quantitatively, the potentials 

required to achieve representative current densities were extracted and summarized 

in Figure 4.6c. The observed performance trend closely mirrors the evolution of the 

Ni3+/Ni2+ ratio determined from XPS analysis (Section 4.4.2), indicating that UOR 

activity is strongly correlated with the population of high-valence Ni3+ species 

rather than with bulk composition or surface morphology alone. This correlation 

suggests that sulfur incorporation plays a critical role in modulating the local 

electronic structure of nickel centers within the Ni3S2 framework, thereby 
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facilitating the formation of catalytically active Ni3+ species during electrochemical 

oxidation and enhancing the overall catalytic performance. In addition, a direct 

comparison between OER and UOR activities was performed using the optimized 

Ni3S2_3.0 catalyst, as shown in Figure 4.6d. When urea is introduced into the 

alkaline electrolyte, the anodic current increases sharply at significantly lower 

potentials compared to the OER process in pure 1.0 M KOH solution. The 

Ni3S2_3.0 catalyst achieves a current density of 100 mA cm-2 at only 1.361 V vs. 

RHE during UOR, whereas a substantially higher potential is required to reach the 

same current density for OER. This corresponds to an approximately 170 mV 

reduction in overpotential, demonstrating that the urea oxidation reaction is 

thermodynamically and kinetically more favorable than oxygen evolution on the 

Ni3S2 catalyst surface. The pronounced difference further highlights the 

effectiveness of coupling UOR with hydrogen production to reduce the overall 

energy consumption of electrolysis systems. 
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Figure 4.6. LSVs of Ni(OH)2, Ni3S2_1.0, Ni3S2_2.0, Ni3S2_3.0 and Ni3S2_4.0 

collected in (a) 1.0 M KOH and (b) 1.0 M KOH with 0.33 M urea, at a scan rate of 

1.0 mV s-1. (c) Potentials required for each sample to reach a current density of 100 

mA cm-2. (d) Comparison of LSVs for Ni3S2_3.0 collected in 1.0 M KOH (dash line) 

and in 1.0 M KOH with 0.33 M urea (solid line) at a scan rate of 1.0 mV s-1. 

 

To evaluate whether variations in electrochemically accessible surface area 

contribute to the observed catalytic performance differences, the electrochemically 

active surface area (ECSA) of the catalysts was studied from cyclic voltammetry 

conducted within a non-faradaic potential window. As shown in Figure 4.7, cyclic 

voltammograms were collected at scan rates ranging from 20 to 100 mV s-1 for each 

catalyst under both OER and UOR conditions. The capacitive current densities 

extracted from the positive potential region were plotted as a function of scan rate 

to determine the corresponding areal capacitances of the electrodes. 
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Figure 4.7. CV curves of each sample (a, b) Ni(OH)2, (d, e) Ni3S2_1.0, (g, h) 

Ni3S2_2.0, (j, k) Ni3S2_3.0 and (m, n) Ni3S2_4.0 collected in 1.0 M KOH and 1.0 

M KOH with 0.33 M urea at different scan rates from 20 to 100 mV s-1 at an interval 

of 20 mV s-1, respectively. The data obtained in the positive potential are used to 



100 
 

determine the electrode’s ECSA for OER and UOR, respectively. The geometric 

current density jgeo of each sample (c) Ni(OH)2, (f) Ni3S2_1.0, (i) Ni3S2_2.0, (l) 

Ni3S2_3.0 and (o) Ni3S2_4.0 is plotted as a function of scan rate. The values in the 

figures are the areal capacitances of samples. 

 

The calculated ECSA values are summarized in Figure 4.8a. The results 

indicate that the ECSA of the Ni3S2 catalysts increases progressively with 

increasing sulfur precursor concentration and eventually reaches a plateau for 

Ni3S2_3.0. In addition, the ECSA values obtained under OER and UOR conditions 

are nearly identical for each catalyst, indicating that the introduction of urea does 

not significantly alter the electrochemically accessible surface area of the electrodes. 

To further determine whether the enhanced catalytic performance originates 

from surface area effects, the UOR polarization curves were normalized by the 

corresponding ECSA values, as shown in Figure 4.8b. Even after ECSA 

normalization, the Ni3S2_3.0 catalyst still exhibits the highest catalytic activity 

among the series. This result indicates that the superior UOR performance of 

Ni3S2_3.0 cannot be attributed solely to an increased electrochemically accessible 

surface area or a higher density of exposed active sites. Instead, the catalytic activity 

trend correlates more closely with the evolution of the Ni3+/Ni2+ ratio determined 

from XPS analysis (Section 4.4.2), suggesting that sulfur incorporation plays a 

critical role in modulating the electronic structure of nickel centers and enhancing 

the intrinsic catalytic activity for the urea oxidation reaction. 
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Figure 4.8. (a) The ECSA for OER and UOR of Ni(OH)2, Ni3S2_1.0, Ni3S2_2.0, 

Ni3S2_3.0 and Ni3S2_4.0. (b) ECSA normalized LSV curves for UOR. 

 

To further understand the origin of the ECSA variation, the surface 

morphologies of the catalysts were examined by SEM under higher magnification, 

as shown in Figure 4.9. The Ni(OH)2 sample exhibits a relatively smooth surface 

morphology, whereas the sulfurized Ni3S2 catalysts display progressively rougher 

and more textured surfaces as the sulfur precursor concentration increases. This 

gradual evolution of surface roughness provides a larger electrochemically 

accessible interface between the catalyst and electrolyte, which is consistent with 

the increasing ECSA values extracted from the cyclic voltammetry measurements. 
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Figure 4.9. SEM images illustrating the surface morphology of (a) Ni(OH)2, (b) 

Ni3S2_1.0, (c) Ni3S2_2.0, (d) Ni3S2_3.0, and (e) Ni3S2_4.0 under higher 

magnification. Scale bars are 4 μm. 

 

Electrochemical impedance spectroscopy (EIS) was subsequently employed to 

probe the charge-transfer kinetics associated with the urea oxidation reaction on the 

different catalysts. Nyquist plots recorded at a representative UOR operating 

potential of 1.417 V vs. RHE are presented in Figure 4.10a. All Ni3S2 samples 

exhibit substantially smaller semicircle diameters than the Ni(OH)2 control, 

indicating significantly reduced charge-transfer resistance and more favorable 

interfacial electron-transfer kinetics. To more clearly resolve the impedance 

features, an enlarged view of the high-frequency region is provided in Figure 4.10b. 

The Nyquist plots were fitted using an equivalent circuit model to extract the 

solution resistance (RS) and charge-transfer resistance (RCT) for each catalyst. The 

extracted resistance values are summarized in the histogram shown in Figure 4.10c. 

The results show that all catalysts possess comparable RS, indicating similar 

electrode conductivity and electrolyte accessibility among the samples. In contrast, 
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pronounced differences are observed in the charge-transfer resistance. The 

Ni3S2_3.0 catalyst exhibits the lowest RCT value among the series, demonstrating 

the most efficient charge-transfer kinetics during the urea oxidation process. In 

comparison, the Ni(OH)2 control displays a significantly larger RCT value, 

indicating sluggish interfacial electron transfer. The significantly reduced charge-

transfer resistance observed for the Ni3S2 catalysts can be attributed to the 

conductive sulfide framework and the sulfur-enabled modulation of the nickel 

electronic structure. In particular, the Ni3S2_3.0 sample possesses the highest 

Ni3+/Ni2+ ratio as revealed by XPS analysis, which promotes the formation of 

catalytically active Ni3+ species and facilitates electron transfer during the multi-

electron urea oxidation reaction. Overall, the EIS results further support the 

conclusion that sulfur incorporation not only modifies the electronic structure of 

nickel centers but also significantly accelerates the interfacial charge-transfer 

kinetics, thereby contributing to the superior UOR catalytic performance observed 

for the Ni3S2_3.0 catalyst. 

 

Figure 4.10. (a) Nyquist plots of the samples obtained in a frequency region ranging 

from 100 kHz to 1.0 Hz under an amplitude of 5 mV at 1.417 V vs. RHE. Circles 

represent experimental data. The solid lines represent fitted curves based on the 
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equivalent circuit model. (b): Enlarged view of the high frequency region. (c) 

Histograms illustrate the RS and RCT values across different samples. 

 

The operational stability of the optimized Ni3S2 catalyst was further evaluated 

under prolonged electrolysis to assess its suitability for sustained UOR operation. 

Chronoamperometric measurements were conducted in 1.0 M KOH containing 0.33 

M urea using a three-electrode configuration. As shown in Figure 4.11a, the 

Ni3S2_3.0 electrode exhibits excellent durability during continuous electrolysis at 

two representative anodic potentials. When operated at 1.35 V vs. RHE, 

corresponding to a geometric current density of approximately 15 mA cm-2, the 

catalyst maintains a nearly constant current density throughout the 100 h testing 

period. At a higher operating potential of 1.37 V vs. RHE, corresponding to a current 

density of approximately 123 mA cm-2, the Ni3S2_3.0 catalyst retains over 90% of 

its initial current density after prolonged electrolysis, indicating robust catalytic 

stability under both moderate and high reaction rates. To further examine possible 

structural changes after long-term electrolysis, XRD measurements were performed 

before and after the stability test, as shown in Figure 4.11b. The diffraction patterns 

remain essentially unchanged after 100 h of operation, indicating that the crystalline 

structure of Ni3S2 is well preserved during the electrochemical reaction. These 

results demonstrate that the Ni3S2 catalyst maintains both catalytic activity and 

structural integrity during prolonged UOR operation, highlighting the stability of 

the sulfur-stabilized Ni3S2 framework under sustained anodic conditions. 
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Figure 4.11. (a) Chronoamperometric stability test conducted at 1.35 and 1.37 V vs. 

RHE in 1.0 M KOH with 0.33 M urea using a three-electrode configuration. (b) 

XRD of Ni3S2_3.0 before and after stability test. 

 

These electrochemical results establish a clear structure-property relationship 

between sulfur-regulated nickel valence-state modulation and UOR activity. The 

systematic enrichment of Ni3+ species through controlled sulfurization lowers the 

operating potential required for urea oxidation, accelerates charge-transfer kinetics, 

and enables long-term stable operation. These findings demonstrate that sulfur-

enabled valence-state engineering constitutes an effective strategy for enhancing 

UOR performance and provides a direct link between electronic structure control 

and practical electrocatalytic functionality. 

4.4.4 Mechanistic study 

First, in-situ Raman spectroscopy was performed to investigate the potential-

dependent surface evolution of Ni3S2 during the urea oxidation reaction. Raman 

spectra were collected for Ni3S2_1.0 and Ni3S2_3.0 in an electrolyte containing 1.0 

M KOH and 0.33 M urea as the applied potential increased from open-circuit 

potential (OCP) to 1.40 V vs. RHE with a potential interval of 0.05 V. These two 
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catalysts were selected because they exhibit significantly different Ni3+/Ni2+ ratios 

and UOR activities while maintaining the same Ni3S2 framework. 

At OCP, both samples display characteristic Ni3S2 lattice vibrations at 

approximately 325 and 350 cm-1,39 together with an intense Raman peak at 1005 

cm-1 corresponding to adsorbed urea species,40 confirming effective adsorption of 

urea molecules on the catalyst surface. Notably, the Ni3S2 lattice peaks remain 

visible throughout the entire potential range up to 1.40 V vs. RHE, indicating that 

the bulk Ni3S2 framework remains structurally stable under anodic polarization 

during UOR operation. Broad Raman features between 450 and 550 cm-1, attributed 

to Ni2+-O vibrations, are observed for both catalysts.41 The relative intensity of these 

peaks indicates that Ni3S2_1.0 contains a higher proportion of Ni2+ species 

compared with Ni3S2_3.0, consistent with the XPS results discussed in Section 

4.4.2. As the applied potential increases to approximately 1.35 V vs. RHE and above, 

two characteristic peaks at around 477 and 556 cm-1 emerge, corresponding to the 

bending and stretching modes of Ni3+-O species in NiOOH.42 The Ni3+-O signal is 

considerably stronger for Ni3S2_1.0 than for Ni3S2_3.0, indicating that the initially 

present Ni²⁺ species undergo conversion to NiOOH under anodic conditions. 
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Figure 4.12. In-situ Raman spectra of (a) Ni3S2_3.0 and (b) Ni3S2_1.0 in the 

electrolyte containing 1.0 M KOH with 0.33 M urea. 

 

Transmission electron microscopy (TEM) further confirms the structural 

stability of the catalyst after electrochemical operation. TEM images of the spent 

Ni3S2_3.0 catalyst reveal clear lattice fringes with an interplanar spacing of 

approximately 0.28 nm, corresponding to the (110) plane of crystalline Ni3S2. The 

preservation of these lattice features after UOR testing indicates that the crystalline 

Ni3S2 framework remains intact during electrochemical operation, consistent with 

the in-situ Raman observation that the sulfide lattice is maintained under anodic 

conditions. 
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Figure 4.13. Lattice-resolved TEM image of the post-UOR Ni3S2_3.0 sample 

under different magnifications. 

 

To provide quantitative mechanistic insight into the role of Ni3+ enrichment in 

enhancing urea oxidation activity, density functional theory (DFT) calculations 

were performed to explicitly examine how variations in the local electronic 

environment of Ni sites influence the activation barrier of the rate-determining step. 

In particular, the theoretical analysis was designed to complement experimental 

observations by directly evaluating the effect of increased Ni3+ content within the 

Ni3S2 framework. Following established mechanistic models for urea oxidation on 

nickel-based catalysts in alkaline media, the reaction pathway was considered to 

proceed through urea adsorption, subsequent C-N bond cleavage, and further 

oxidation steps leading to the formation of CO2 and N2.43 (Figure 4.14) Among 

these elementary steps, cleavage of the urea C-N bond has been widely identified 

as the rate-determining step (RDS) and therefore constitutes the primary focus of 

the present calculations. 
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𝐶𝐶𝐶𝐶(𝑁𝑁𝐻𝐻2)2 (𝑎𝑎𝑎𝑎)  →  𝐶𝐶𝐶𝐶(𝑁𝑁𝐻𝐻2)2∗  Eqn. 4.1 

𝐶𝐶𝐶𝐶(𝑁𝑁𝐻𝐻2)2∗  +  2𝑂𝑂𝑂𝑂−  →  𝐶𝐶𝐶𝐶∗ + 2𝑁𝑁𝑁𝑁∗  +  2𝐻𝐻2𝑂𝑂 (𝑙𝑙)  +  2𝑒𝑒− Eqn. 4.2 

𝐶𝐶𝐶𝐶∗  +  2𝑁𝑁𝑁𝑁∗  +  4𝑂𝑂𝑂𝑂−  

→  𝐶𝐶𝐶𝐶2 (𝑔𝑔) +  𝑁𝑁2 (𝑔𝑔)  +  3𝐻𝐻2𝑂𝑂 (𝑙𝑙)  +  4𝑒𝑒− 

Eqn. 4.3 

Figure 4.14. Simulated reaction pathways for (a) Ni(OH)2, (b) Ni3S2, (c) S-rich 

Ni3S2, (d) side view of Ni3S2 and S-rich Ni3S2 and the corresponding reactions.43 

 

DFT calculations were first conducted on pristine Ni3S2 and Ni(OH)2 surfaces 

to compare the intrinsic reaction energetics of sulfide- and hydroxide-based 

catalysts. As summarized in Figure 4.15, Ni3S2 exhibits a substantially lower 

activation barrier for the C-N bond cleavage step (ΔG = 3.06 eV) compared to 

Ni(OH)2 (ΔG = 7.40 eV), highlighting the inherent advantage of nickel sulfide in 

facilitating urea oxidation. While this comparison establishes the superior intrinsic 
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activity of Ni3S2 relative to Ni(OH)2, it does not explicitly capture the effect of 

incremental changes in Ni3+ content within the Ni3S2 framework. To more directly 

probe the influence of Ni3+ enrichment, an S-rich Ni3S2 surface model was 

constructed by introducing an additional sulfur atom at the catalyst surface to mimic 

a locally nonstoichiometric environment. This model reflects experimental 

conditions under which increased sulfur incorporation is associated with a higher 

fraction of Ni3+ species, as evidenced by XPS analysis. The introduction of excess 

surface sulfur modifies the local coordination environment of surface Ni atoms, 

leading to an elevated nickel oxidation state and altered electronic structure. The 

calculated reaction energy profiles reveal that the S-rich Ni3S2 surface exhibits a 

further reduction in the activation barrier for the C-N bond cleavage step, with a ΔG 

value of 2.58 eV. This barrier is notably lower than that of pristine Ni3S2 (3.06 eV) 

and dramatically reduced relative to Ni(OH)2 (7.40 eV). The progressive decrease 

in activation barrier from Ni(OH)2 to Ni3S2 and further to S-rich Ni3S2 establishes 

a clear theoretical trend that directly correlates increased Ni3+ content with 

facilitated urea activation. 

Figure 4.15b summarizes the Gibbs free energy barriers associated with the 

rate-determining step for the three catalyst models. The substantial reduction in the 

C-N bond cleavage barrier on the S-rich Ni3S2 surface provides quantitative 

theoretical support for the experimentally observed enhancement in UOR activity 

with increasing Ni3+ fraction. This result demonstrates that Ni3+ enrichment does 

not merely alter adsorption energetics but directly lowers the kinetic bottleneck 

governing the overall reaction rate. 
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Figure 4.15. (a) The calculated reaction energy diagram of Ni(OH)2, Ni3S2, and S-

rich Ni3S2 for UOR. Inset image: the simulated profile for the rate-determining step: 

the formation of CO* and NH* intermediates on Ni3S2 catalyst. (b) The Gibbs free 

energy barrier for the rate-determining step of Ni(OH)2, Ni3S2, and S-rich Ni3S2. 

The gray, yellow, red, brown, light blue and pink spheres represent Ni, S, O, C, N 

and H, respectively. 

 

In conclusion, the DFT results provide strong theoretical support for the 

experimental findings presented in Sections 4.4.2 and 4.4.3. By intrinsically 

enriching Ni3+ species within the Ni3S2 framework, the energetic barrier for the rate-

determining C-N bond cleavage step is effectively reduced, leading to accelerated 

UOR kinetics and improved catalytic performance. These mechanistic insights 

confirm that valence-state engineering operates at the fundamental reaction level, 

establishing a direct link between electronic structure modulation and enhanced 

urea oxidation activity. 

4.5 Device-level performance of the interpenetrating electrode architecture 

To further evaluate the practical applicability of the valence-state-engineered 

Ni3S2 catalyst under system-relevant conditions, the catalyst was integrated into a 

three-dimensional (3D) printed interpenetrating electrode device coupled with a 
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flow-cell configuration. This device-level design aims to enhance mass transport, 

shorten ion diffusion pathways, and enable continuous electrochemical operation, 

thereby bridging catalyst-level performance with realistic device operation. Each 

interpenetrating device consists of two independently addressable electrodes 

constructed from distinct but intertwined lattice architectures. Specifically, the 

device is composed of repeating units of a body-centered cubic (BCC) lattice 

interpenetrated with repeating units of a Kelvin cell (KC) lattice, as schematically 

illustrated in Figures 4.16a and 4.16b. The interpenetrating structures were first 

fabricated via 3D printing using a commercially available plant-based resin 

(Elegoo), followed by electroless nickel plating to render the frameworks 

electrically conductive. Subsequently, the Ni3S2 catalyst was grown directly on the 

nickel-plated framework using the same hydrothermal sulfurization method 

described in the Experimental Section. After catalyst synthesis, the mechanical 

supports were selectively removed to yield two individually addressable electrodes. 

In the final device configuration, nickel was electrodeposited onto the BCC 

lattice to serve as the cathode, while the KC lattice remained coated with the Ni3S2 

catalyst to function as the anode. Stainless steel leads were attached to each 

electrode, and the entire device was sealed in epoxy, leaving only the lattice surfaces 

exposed as the ion-accessible region, as shown in Figure 4.16c. This 

interpenetrating configuration significantly reduces the distance between the anode 

and cathode, thereby shortening ion diffusion paths. As demonstrated in previous 

studies, such an architecture effectively enhances ion diffusion kinetics and 

mitigates concentration inhomogeneity within electrochemical devices. To assess 

the impact of the interpenetrating architecture on electrochemical performance, 
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devices constructed in the interpenetrated configuration were compared with 

control devices fabricated using separated electrodes, in which the KC and BCC 

lattices were printed individually and assembled without interpenetration. LSV 

measurements were first conducted in a beaker cell containing 1.0 M KOH with 

0.33 M urea. As shown in Figure 4d, the interpenetrated device exhibits markedly 

enhanced activity relative to the separated-electrode configuration. At a cell voltage 

of 1.86 V, the interpenetrated device delivers a current density of 100 mA cm-2, 

whereas the separated electrodes reach only 27.5 mA cm-2 under identical 

conditions. This performance disparity becomes increasingly pronounced at higher 

potentials, underscoring the critical role of improved mass transfer enabled by the 

reduced inter-electrode spacing in the interpenetrating architecture. 

The device performance was further evaluated in a home-built flow cell, where 

continuous electrolyte flow provides additional enhancement of mass transport. 

Compared to operation in the beaker cell, the current–voltage response of the 

interpenetrating device shifts markedly toward lower potentials in the flow-cell 

configuration, as shown in Figure 4.16e. In the presence of urea, the interpenetrated 

Ni3S2_3.0//Ni device achieves a current density of 400 mA cm-2 at a cell voltage of 

2.0 V. In contrast, under identical conditions but in the absence of urea, the OER 

current reaches only 162 mA cm-2 at the same voltage. This substantial difference 

in current density indicates that the measured current in the urea-containing 

electrolyte predominantly arises from urea oxidation, highlighting the advantage of 

UOR in reducing the effective anodic overpotential. 
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Figure 4.16. (a) Schematic illustration of a repeating unit in the interpenetrated 

structure. (b) Schematic illustration of an interpenetrated device. (c) Optical image 

of Ni3S2_3.0//Ni interpenetrated device. (d) LSVs of devices made of separated 

electrodes vs. interpenetrated electrodes collected in a beaker cell. (e) LSVs of the 

Ni3S2_3.0//Ni interpenetrated device collected in a home-built flow cell in 1.0 M 

KOH (dash line) and in 1.0 M KOH with 0.33 M urea (solid line) at a scan rate of 

1.0 mV s-1. 

 

4.6 Conclusion 

In this chapter, the UOR was systematically investigated as an alternative 

anodic process to replace the OER for energy-efficient hydrogen production. 

Motivated by the intrinsically high thermodynamic potential required for OER, this 

work demonstrates that reaction-level substitution provides an effective strategy to 

reduce anodic energy consumption while simultaneously enabling the treatment of 

urea-rich wastewater. Through controlled hydrothermal sulfurization, a valence-
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state engineering strategy was developed to intrinsically enrich Ni3+ species within 

a conductive Ni3S2 framework. Comprehensive structural and spectroscopic 

characterizations confirmed that tuning the sulfur precursor concentration enables 

reproducible modulation of the Ni3+/Ni2+ ratio without inducing significant changes 

in morphology or crystal structure. Electrochemical measurements revealed a clear 

correlation between Ni3+ enrichment and enhanced UOR activity, manifested by 

reduced operating potentials, accelerated charge-transfer kinetics, and improved 

long-term stability. DFT calculations further provided quantitative mechanistic 

insight, demonstrating that increased Ni3+ content lowers the activation barrier of 

the rate-determining C-N bond cleavage step, thereby establishing a direct 

structure-energetics-activity relationship. 

Beyond catalyst-level performance, the Ni3S2 catalyst was successfully 

integrated into a 3D printed interpenetrating electrode architecture and evaluated 

under flow-cell operation. Device-level measurements demonstrated that the 

intrinsic catalytic advantages of UOR and Ni3+-enriched Ni3S2 are preserved under 

continuous operation and enhanced mass-transport conditions. The interpenetrating 

architecture significantly improves ion transport and enables high current densities 

at reduced cell voltages, validating the practical relevance of combining reaction-

level substitution with architecture-driven transport optimization. 

This chapter completes critical progression in this thesis, advancing from 

interfacial bubble management (Chapter 2) and electrode architecture engineering 

(Chapter 3) to reaction-level energy optimization. By integrating valence-state-

controlled catalyst design with device-level engineering, this work demonstrates a 

viable pathway toward energy-efficient hydrogen production coupled with 
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wastewater remediation, providing important insights for the development of next-

generation electrochemical energy systems. 
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Chapter 5 

Conclusion and outlook 

This dissertation focused on several challenges that limit high-rate alkaline 

water splitting, including gas bubble accumulation, inefficient ion transport, and the 

slow kinetics of the anodic reaction. The work presented here shows that improving 

electrolyzer performance requires more than developing catalysts with high 

intrinsic activity. Electrode surface properties, three-dimensional structures, 

transport distance, and reaction pathways all play important roles, especially at high 

current densities. 

In Chapter 2, nanocone-modified nickel electrodes were developed to improve 

gas bubble removal during the reaction. Compared with unmodified nickel surfaces, 

the nanocone-modified electrodes showed lower bubble adhesion, faster bubble 

detachment, and smaller bubble departure size. These changes helped reduce bubble 

coverage on the electrode surface and maintain more available reaction sites during 

gas evolution. The nanocone structure was applied to nickel foil, nickel foam, and 

3D-printed nickel lattices, suggesting that this surface modification can be used on 

different types of electrode substrates and architectures. 

In Chapter 3, an interpenetrating gyroid electrode was designed to reduce the 

ion-transport distance between the anode and cathode and maintaing open channel 

for bubble transport. Compared with conventional separated three-dimensional 

electrodes, the interpenetrating structure decreased solution resistance and provided 

more uniform concentration and potential distributions. The performance advantage 

became more significant at high current densities, where transport losses were more 

severe. These results show that electrode arrangement and geometry can strongly 
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affect overall electrolyzer performance even when the electrode materials are 

similar. 

In Chapter 4, urea oxidation was used to replace the oxygen evolution reaction 

as the anodic reaction. A Ni3+-enriched nickel sulfide catalyst was developed to 

improve urea oxidation activity and stability. Because urea oxidation has a lower 

theoretical potential than oxygen evolution, coupling it with hydrogen evolution can 

reduce the required cell voltage. This approach may also provide a way to combine 

hydrogen production with the treatment of urea-containing wastewater. 

Despite these advances, several challenges remain. First, gas bubble 

management should be further investigated under practical electrolyzer operating 

conditions.1-3 In Chapter 2, nanocone-modified surfaces were shown to promote 

rapid bubble detachment at high current densities. However, in practical 

electrolyzers, bubble behavior is affected by electrolyte flow, pressure, temperature, 

electrode spacing, and long-term changes in surface chemistry, morphology, and 

wettability.4-6 Future studies combining high-speed imaging, in situ visualization, 

and multiphase-flow simulation could establish more quantitative design principles 

for electrodes that maintain efficient gas removal at high current densities during 

extended operation. 

Second, ionic transport in architected electrodes requires further 

optimization.7-9 The interpenetrating gyroid electrode developed in Chapter 3 

shortens ion-transport pathways and lowers transport resistance compared with 

separated electrodes. Future work could systematically tune pore size, strut 

thickness, electrode spacing, porosity, and tortuosity to balance active surface area, 

mass transport, mechanical robustness, and electrochemical stability. Hierarchical 
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or gradient electrode architectures may further improve electrolyte distribution and 

suppress local concentration gradients under high-current-density operation.10-12 

Third, catalyst integration with three-dimensional electrodes remains 

important for translating intrinsic catalyst activity into device-level performance. 

Catalyst loading, coating thickness, electrical contact, adhesion, and pore blockage 

can all affect overall electrochemical performance.13, 14 Therefore, future studies 

should develop conformal, stable, and scalable catalyst-deposition methods that 

uniformly modify complex electrode architectures without blocking open transport 

pathways. Another promising direction is to replace the OER with alternative 

anodic oxidation reactions.15, 16 As shown in Chapter 4, urea oxidation has a much 

lower theoretical potential than the OER and can reduce the energy input required 

for hydrogen production when coupled with the HER. At the same time, it may 

enable the simultaneous production of hydrogen and treatment of urea-containing 

wastewater. However, the UOR still suffers from complex reaction pathways and 

sluggish kinetics. Future work should use in situ and operando characterization to 

identify active sites, reaction intermediates, and rate-determining steps. More 

attention should also be given to nitrogen-containing products and their 

environmental impacts. Beyond urea oxidation, other low-energy anodic reactions, 

such as alcohol oxidation, glycerol oxidation, and the oxidation of biomass-derived 

molecules, may also be coupled with hydrogen evolution.17-19 These reactions could 

reduce the required cell voltage while generating value-added anodic products. 

However, achieving high selectivity, long-term stability, and compatibility with 

practical electrolyzers remains challenging. 
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Finally, long-term durability and scale-up remain critical for practical 

applications. Electrodes designed for high-rate operation must maintain their 

structure, activity, and interfacial properties over extended periods. Possible 

degradation mechanisms include catalyst reconstruction, surface oxidation, coating 

detachment, pore blockage, wettability loss, and mechanical damage caused by 

continuous gas evolution. Longer stability tests, accelerated stress testing, post-

mortem characterization, and device-level studies in flow cells or membrane-

separated electrolyzers will be necessary to evaluate their practical relevance.20, 21 

Overall, this dissertation highlights the importance of integrated electrode and 

system design for high-rate electrochemical hydrogen production. Surface 

nanostructuring can improve gas bubble release, interpenetrating three-dimensional 

architectures can enhance ionic transport, and alternative anodic reactions can 

reduce energy input. Future advances will likely rely on combining these 

approaches with stable catalysts, scalable fabrication methods, and practical device 

configurations. Through continued development, these integrated electrochemical 

systems may provide more efficient, durable, and scalable approaches to sustainable 

hydrogen production. 
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