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Abstract 

Major concerns about the effects of increasing fossil fuel consumption on the 

environment and energy security have prompted the development of sustainable and 

environmentally-friendly energy conversion and storage technologies based on 

electrochemical processes (e.g. water electrolysers, batteries and supercapacitors). 

Electrode materials are a key component of these technologies, and high-performance 

electrode systems are essential for the realization of a clean-energy-based economy. 

Numerous efforts have been made to develop advanced electrode materials for energy 

conversion and storage applications. However, current electrode synthesis methods are 

usually energy-intensive, not environmentally friendly, difficult to scale, or costly to 

produce. This thesis aims to utilize electrode structure engineering to develop high-

performance electrodes based on earth-abundant materials via low-cost, energy-efficient 

and green synthesis strategies. Further, the applications of these electrodes in various 

energy conversion and storage applications are explored.  

Nickel-iron oxides or hydroxides are considered promising electrocatalysts for the 

oxygen evolution reaction, featuring a high activity and long cycling life in alkaline 

solution. A room temperature, electroless method has been developed here to grow 

nickel-iron hydroxides on a nickel foam current collector. The activity of nickel foam for 

the oxygen evolution reaction can be remarkably enhanced by simply immersing the 

nickel foam in a ferric nitrate solution at room temperature. During this process, the 

oxidation of the nickel foam surface by ferric nitrate ions increases the near-surface 

concentration of hydroxide ions, which results in the in situ deposition of a highly active, 

amorphous nickel-iron hydroxide layer. This phenomenon is described in Chapter 2 of 

this thesis. 
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Carbon cloth is a widely-adopted current collector for the fabrication of electrodes. A 

facile, two-step method has been investigated here to turn commercial carbon cloth into 

a high-performance electrode for zinc-air batteries. Mild acid oxidation followed by air 

calcination directly activate carbon cloth to generate uniform, nanoporous and super-

hydrophilic surface structures with optimized, oxygen-rich functional groups and 

dramatically increased surface area. This two-step-activated carbon cloth exhibits 

superior bifunctional oxygen electrocatalytic activity and durability. A rechargeable, 

flexible zinc-air battery using the activated carbon cloth as a binder-free, flexible air 

electrode yields a remarkably high peak power density, high flexibility, and good cycling 

performance, with a small charge-discharge voltage gap. This work is elaborated in 

Chapter 3. 

Cost-effective synthesis of large-scale, uniform electrode materials with high activity 

and cycling stability is challenging. In Chapter 4, a reaction environment confinement 

strategy for scalable and reproducible production of nanostructured materials is proposed. 

Nickel foam is simply immersed in metal nitrate aqueous solution, with the volume of 

solution per unit area of nickel foam kept very low. A precisely designed reactor with a 

spiral tunnel ensures the same width of solution on each side of the nickel foam. The 

reaction environment is confined to ensure reproducible and uniform synthesis of 

nanostructured materials across the Ni foam. This approach has the largest REAVC (ratio 

of electrode area to precursor volume consumption) value reported so far, 2.0 cm2 mL-1. 

The synthesized nickel-iron hydroxides/nickel foam electrodes with uniformity in both 

microstructure and electrochemical properties exhibit remarkable activity for both the 

oxygen evolution reaction and hydrogen evolution reaction.  

Manganese oxides are a class of promising electrode materials for high performance 

supercapacitors. However, not all types of manganese oxides with different phases are 
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electrochemically active, and their crystal structures have a considerable effect on their 

capacitance. In Chapter 5, a facile strategy is developed for the transformation of 

manganese oxide from the orthorhombic to birnessite crystal structure. The product 

exhibits significantly enhanced electrochemical performance as a supercapacitor 

electrode. This work opens up new possibilities for changing the crystal structure of 

manganese oxides towards optimized properties in electrochemical applications. 

This thesis makes significant contributions to our understanding of electrode structure 

engineering, materials science and electrochemical energy conversion and storage 

through: (i) designing novel nanostructured nickel-foam-based electrode systems with 

high electrocatalytic activity towards water oxidation via a simple immersion strategy at 

ambient temperature; (ii) developing facile activation procedures to endow commercially 

available, inactive carbon cloth with oxygen-rich functional groups and high oxygen 

electrocatalytic activity; (iii) controlling ion diffusion in a confined zone for uniform 

deposition of active materials over large-size electrodes, electrodes useful for various 

electrochemical applications; (iv) probing the phase transformation of manganese oxides 

from orthorhombic to birnessite, a material with enhanced electrochemical performance; 

(v) investigating the growth mechanisms of these advanced electrode materials to

understand the origin of their exceptional activity. 
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Chapter 1 Introduction 

In this introductory section, the key research areas relevant to this thesis’s work are 

described. Firstly, the important role of electrode materials in electrochemical energy 

conversion and storage is emphasized along with the strategies to improve their 

performance. Second, the fundamentals of water electrolysis are introduced, with a 

description of resistances existing in water splitting systems and metrics for 

electrocatalytic performance. Subsequently, the electrochemistry of the hydrogen 

evolution, oxygen evolution and oxygen reduction reactions are systematically reviewed, 

with a focus on reaction mechanisms, advanced electrode materials, and applications in 

zinc-air batteries and supercapacitors. Finally, widely adopted synthesis strategies for 

construction of electrode materials are summarized and discussed with the conclusion 

that facile, energy-efficient and environmentally friendly synthetic methods are crucial 

for realizing high-performance electrode materials based on earth-abundant elements. 

This chapter concludes with a brief outline of the thesis work and structure. 

1.1 General Background 

Global economic expansion and the accompanying gradual depletion of non-renewable 

energy resources, such as petroleum, coal and natural gas, have created problems related 

to global warming and energy security.1,2 Renewable energy technologies, including wind 

turbines, solar panels or hydroelectric power stations, have the potential to meet rising 

global energy demands and mitigate CO2 emisions.3 However, the intermittent 

availability of these renewable energy sources has limited their widespread 

implementation. Energy storage has thus become a critical challenge. Storing the energy 

in the form of chemical bonds is one possible approach.4 In pursuit of alternatives to 

carbon-intensive fossil fuels, hydrogen (H2) is often considered one of the most promising 
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fuel candidates due to its high gravimetric energy density, high abundance and zero 

emissions during consumption (i.e. only water).5,6 Hydrogen can be effectively used in 

multiple applications: fuel for transportation, feedstocks in chemical and processing 

industries, energy storage for heat and power generation, etc.7-10 Industrially, hydrogen is 

mainly produced using one of two pathways: steam methane reforming or coal 

gasification. These methods account for more than 95% of hydrogen production. 

Problematically, both are strongly dependent on fossil fuels, resulting in environment 

pollution and greenhouse gas emission.11  

Direct electrochemical water splitting driven by renewable energy resources represents 

a sustainable and attractive hydrogen generation technology. Its advantages include an 

abundant feedstock (water), zero carbon emissions, high-purity product and the capability 

of storing intermittent renewable energy.12 This power-to-fuel conversion process 

involves two half reactions: the hydrogen evolution reaction (HER; the two-electron and 

two-proton reduction of water to hydrogen (H2)) and the oxygen evolution reaction (OER; 

the four-electron and four-proton oxidation of water to oxygen (O2)). A typical water 

electrolyzer has three main components: anode, cathode and electrolyte. Figure 1-1 

shows a schematic diagram of a water electrolyzer. When driven by an external voltage, 

OER and HER occur on the anode and cathode, respectively, and water molecules will 

be decomposed into O2 and H2. For cathodic HER, even though simple reactants and only 

two electrons for each H2 molecule are involved, the intermediate multiple elemental 

reactions give rise to an accumulation of energy barriers and thus slow kinetics. In 

comparison, the anodic OER process with four electron and proton transfer is 

mechanistically more demanding and kinetically limiting. The theoretical thermodynamic 

voltage for water splitting is 1.23 V vs. SHE at 25 °C and 1 standard atmospheric pressure 

(atm), a potential which is temperature-dependent and can be reduced by increasing the 
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reaction temperature. In practice, water electrolyzers usually operate between 1.8-2.0 V, 

much higher than the theoretical limit, to overcome the intrinsic activation barriers and 

some other resistances, such as solution and contact resistance. The excess potential 

above 1.23 V is known as the overpotential (η), which is an important parameter to 

evaluate the effectiveness of the electrolyzer. To accelerate the HER and OER reactions 

and improve their sluggish kinetics, efficient electrocatalysts are required to decrease the 

overpotential. Up to now, state-of-the-art HER and OER electrocatalysts are precious Pt-

based and Ru- or Ir-based materials, respectively. However, scarcity and high cost greatly 

impede their widespread employment in water electrolysis technologies. Earth-abundant, 

non-precious-metal-based electrocatalysts have attracted much research attention in order 

to obtain cost-effective catalytic performance towards water electrolysis (WE).  

Figure 1-1. Schematic diagram of a water electrolyzer driven by renewable energy 

resources.13 
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Fuel cells and metal-air batteries are also advanced technologies for clean energy 

conversion which require efficient electrocatalysts. The core of these technologies is a 

series of H2O-related electrochemical reaction processes. In a hydrogen-oxygen fuel cell, 

the oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR) occur on 

the cathode and anode, respectively; in a rechargeable metal-air battery, OER and ORR 

happen on the cathode during the charging and discharging process, respectively. ORR 

and HOR are the reverse reactions of OER and HER, respectively. Figure 1-2 presents 

the aforementioned half-cell reaction equations and the corresponding typical steady-state 

polarization curves.14 HER and HOR are the hydrogen-involving reversible reaction 

couple with an equilibrium potential of 0 V vs. reversible hydrogen electrode (RHE); and 

ORR and OER are the oxygen-involving reversible reaction couple with an equilibrium 

potential of 1.23 V vs. RHE. The kinetics of these two reversible reaction couples will 

significantly affect the output performance of fuel cells and metal-air batteries. Thus, it is 

highly desirable to effectively catalyze these reactions to achieve as low an overpotential 

and high a current density as possible. Recently, the zinc-air battery has seen revived 

research interest owing to its high energy density, abundant raw materials, environmental 

friendliness, safety and low cost, making it a promising candidate for emerging electronic 

applications. 

On the other hand, electricity produced from renewable energy sources needs to be 

efficiently stored to supply increasing global energy demands. Among currently existing 

energy-storage devices, batteries and supercapacitors represent two leading technologies 

for electrochemical energy storage.15-23 Lithium-ion batteries (LIBs), with their high 

energy density, are the most common energy storage devices and are widely used in 

portable electronics.19 Unfortunately, when operated at high power densities, heat 

generation and dendrite formation can be initiated in LIBs, leading to serious safety 
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issues.24,25 Some technical failures have been reported (for example, in Tesla’s electric 

car and Boeing’s Dreamliner airplane).26,27 Thus, the large-scale application of LIBs has 

been retarded in the auto industry. 

Figure 1-2. The polarization curves for two pairs of the key energy-related 

electrochemical reactions and their overall reaction equations. Red and blue curves refer 

to the H2-involving and O2-involving reactions, respectively.14 

Supercapacitors (SCs), also known as electrochemical capacitors, can be charged 

quickly and provide high power densities with extremely long cycle life (>100000 

cycles).18,20,28-30 SCs can work with batteries or even replace them in some applications, 

such as hybrid platforms for heavy-duty vehicles, load-leveling systems, and storing and 

releasing regenerative braking energy in vehicles and industrial equipments.16 However, 

SCs deliver lower energy densities than batteries (~5 Wh kg-1 vs. ~200 Wh kg-1).31,32 

Extensive research efforts have been exerted towards the goal of achieving high energy 

density without sacrificing power density and cycling stability.  
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Figure 1-3. Electrode material development strategies. Schematic of various electrode 

material development strategies, which aim to increase the number of active sites and/or 

boost the intrinsic activity of each active site.33 

Notably, electrode materials play a crucial role in the achievement of high-performance 

for electrochemical energy storage (EECS) devices with appropriate activity, selectivity 

and efficiency for the chemical transformations involved. Generally, there are two widely 

adopted strategies to improve the performance of an electrode system: (1) boosting the 

intrinsic activity of active sites by rational structure engineering or novel material design; 

(2) increasing the number of active sites through appropriate loading mass increase or

changes in electrode structural configuration to expose more accessible active sites to 

electrolyte.33 These two strategies can be achieved simultaneously by rational electrode 

design, leading to significant improvement in activity. However, too high a mass loading 

of active materials can influence some other important properties, such as mass transport 

and charge transport during electrochemical processes. Figure 1-3 shows a schematic of 

various electrode material development strategies, where a plateau effect is observed at 
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high mass loading in practice compared with in theory. Boosting materials’ intrinsic 

activity can result in a direct increase in electrode performance. The transport issues 

arising from high loading can be mitigated by using less active material, but with 

improved intrinsic activity, on the electrodes.  

Nanoscience and nanotechnology have experience significant development over the 

past decades, and structure engineering via different nanostructuring strategies has been 

widely adopted to enhance the performance of electrodes for various EECS devices.12,34-

36 Compared to large bulk materials, nanomaterials with small particle sizes ranging from 

several to hundreds of nanometers exhibit the advantages of large specific surface areas 

(SSA) for more active sites, faster ion absorption and surface redox reaction, and shorter 

ion transport distance. Ultrathin two-dimensional (2D) nanomaterials with sheet-like 

structures have emerged as a new class of active materials in electrochemical applications. 

They usually possess a lateral size larger than 100 nm or up to a few micrometers and a 

small thickness of only single- or few-atoms, typically less than 5 nm.37,38 Ultrathin 2D 

nanomaterials display some unique advantages, as follows. (1) Compelling electronic 

properties in ultrathin regions can be achieved due to electron confinement in two 

dimensions. In addition to improving performance, this provides interesting avenues for 

fundamental study in condensed matter physics and electronic / optoelectronic devices.39 

(2) Excellent mechanical strength, flexibility, and optical transparency can be obtained in 

2D materials because of their atomic thickness and strong in-plane covalent bonds.40,41 (3) 

Their large lateral size, together with atomic thickness, endow 2D materials with ultrahigh 

specific surface area, which is desirable in electrode synthesis for EECS applications.42,43 

(4) High-quality, free-standing thin films comprising ultrathin 2D nanomaterials can be 

easily prepared through simple solution-based treatment for practical applications.44,45 (5) 

Surface modification of 2D materials to impart particular properties and functionalities 
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can be achieved (given the high exposure of surface atoms) by means of element doping, 

defect/strain/phase engineering, surface modification/functionalization, etc.46-48 

Structural defects, stemming from crystal irregularity, compositional heterogeneity and 

structural disorder, can strongly affect physical and chemical properties in 

nanomaterials.49 In some cases (e.g. optoelectronics), perfect crystals are highly desirable, 

but defects can have a positive effect for others. For example, defects on graphene derived 

from the removal of heteroatoms have been demonstrated to be effective for three 

electrochemical reactions: ORR, OER and HER.50 Defect engineering provides an 

effective way to modulate the properties of nanomaterials towards enhancing the relevant 

device performance.49,51-53  

In summary, significant challenges and opportunities in the development of next-

generation EECS devices have inspired the rational construction of high-performance 

electrode materials based on earth-abundant elements. Structure engineering has played 

an important role in manipulating specific properties of individual material components 

and designing optimized active sites in various electrochemical energy conversion and 

storage applications. 
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1.2 Fundamentals of Water Electrolysis 

1.2.1 Resistances Existing in Water Splitting Systems 

Water electrolysis is attractive as it enables sustainable production of hydrogen (H2), a 

desirable energy carrier.11,54,55 When driven by electricity, water molecules can be 

decomposed into hydrogen and oxygen. The hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER) are the two half reactions and fundamental steps of 

electrochemical water splitting, which are kinetically sluggish even with the best 

available electrocatalysts. Assuming an ideal 100% Faradic efficiency, the amount of 

hydrogen generated is twice that of oxygen. In different media, the water splitting reaction 

mechanism changes (see below).  

Total reaction: H2O → H2 + ½ O2 

In acidic solution: 

Cathode: 2H+ + 2e- → H2 

Anode: H2O → 2H+ + ½ O2 + 2e- 

In neutral and alkaline solution: 

Cathode: 2H2O + 2e- → H2 + 2OH- 

Anode: 2OH- → H2O + ½ O2 + 2e- 

The crucial key is how to effectively catalyze these reactions on electrodes to achieve 

the lowest overpotential, highest current density and highest stability possible. For the 

electrochemical reaction process to proceed, a couple of barriers must be overcome with 

sufficient electrical energy. Shown in Figure 1-4 is an electrical circuit analogy of 

resistances in the water electrolysis system, which include external electrical circuit 
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resistance from the wiring and connections at anode and cathode (R1, R1’, respectively), 

activation energies of the electrochemical reactions occurring on the surfaces of the 

electrodes (Ranode, Rcathode), availability of electrode surface due to partial coverage by 

generated gas bubbles (Rbubble, O2, Rbubble, H2), and the resistances from membrane and ionic 

transfer within the electrolyte (Rmembrane, Rions).
56 The electrochemical reaction resistances 

stem from the applied overpotentials required to overcome the activation energies of H2 

and O2 formation reactions occurring on the cathode and anode. These inherent energy 

barriers determine the kinetics of electrochemical reactions and can cause an increase in 

the overall cell potential. During water splitting, H2 and O2 gas bubbles are formed and 

tend to accumulate on the surfaces of the cathode and anode, respectively. The bubbles 

can only detach from the surface when they grow big enough, resulting in their coverage 

on electrode surfaces and significant bubble overpotentials, especially under high current 

densities and strong gas evolution conditions.57 The attached gas bubbles can reduce the 

contact between electrolyte and electrode, block electron transfer, and thus increase 

ohmic loss of the whole system. Therefore, a thorough analysis and understanding of 

these resistances existing in the water electrolysis systems can provide scientific guidance 

to minimize them and achieve a higher efficiency for hydrogen production.  

 

Figure 1-4. An electrical circuit analogy of resistances in the water electrolysis system.56  
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1.2.2 Evaluation of Electrocatalytic Performance 

Electrocatalytic measurements are typically conducted in a cell with electrolyte, either 

acidic, neutral or basic, using three electrodes, working electrode, reference electrode and 

counter electrode.58,59 The current passes between the working and counter electrode 

through an external circuit. The working electrode is usually comprised of one current 

collector (e.g. glassy carbon, metal foam, or carbon paper) and electrocatalysts deposited 

on it. The current collectors should be inert towards specific electrochemical reactions 

under measurement to ensure that the electrochemical activity of the working electrode 

mainly comes from the electrocatalysts. Standard benchmark electrocatalysts, such as 

RuO2, IrO2 or Ir/C for OER and Pt/C for HER and ORR, should also be measured under 

the same electrochemical conditions as a control. The counter electrode, for example 

platinum and graphite rod, should consist of inert materials to guarantee no chemicals or 

substances produced interfere with the reactions at the working electrode. The use of 

platinum counter electrodes for HER or ORR should be avoided, especially in acidic 

media, to avoid contamination by Pt-active species on electrocatalysts.60  

A wide range of electrocatalysts have been developed to expedite the abovementioned 

electrochemical reactions. However, it is difficult to fairly compare the catalytic 

properties of various active materials for a given reaction, and a standard methodology is 

needed for evaluating catalytic performance. For a given electrocatalyst, some important 

parameters are required to be measured or calculated carefully, including total electrode 

activity, Tafel plot, stability, Faradic efficiency, turnover frequency, electron transfer 

resistance, and electrocatalytic stability. The catalytic activity of an electrocatalyst is 

usually assessed using two metrics: one is the apparent total electrode activity (e.g. area 

current density expressed in mA cmgeometric
-2), which is important for device-oriented 
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catalyst design; another is the intrinsic activity of each catalytic site (e.g. turnover 

frequency TOF expressed in s-1), which is useful for fundamental studies.  

The apparent total electrode activity can be evaluated by performing cyclic 

voltammetry (CV) or linear sweep voltammetry (LSV). Generally, the performance of an 

electrode is judged by the thermodynamic overpotential (η) required to reach an operating 

current density, for example, 10 mA cm-2 for OER and HER to match the 12.3% 

efficiency for photoelectrochemical (PEC) water splitting. Non-Faradaic capacitive 

current may exist in the total current observed from the CV or LSV results, especially for 

carbon-containing catalysts. To obtain more exact assessment of the materials’ 

electrocatalytic activity, the steady-state currents at various applied voltages are required 

with a dwell time of at least 5 mins. When sweeping the working electrode potential, the 

difference between the equilibrium potential and the onset potential at which the reaction 

starts (usually considered to be when the current density value is 0.5-2 mA cm-2) can also 

serve as a critical parameter for judging catalytic performance (Figure 1-5a).59  

Besides overpotential, Tafel slope can be used to describe the reaction kinetics and 

mechanism at electrode surfaces. Tafel plots are obtained by drawing overpotentials (η) 

as a function of the logarithm of current densities (j), and the linear portion of Tafel plots 

can be fitted to the Tafel equation: η = a + b log j, where two important parameters, Tafel 

slope (b) and exchange current density (j0), can be derived (Figure 1-5b). The Tafel slope 

is useful for determining the reaction mechanism by relating electron transfer number and 

charge transfer coefficient.61 The exchange current density, described as “idle current” by 

Bard,62 corresponds to the current exchanged across the electrode interface at η = 0 V, 

and illustrates the intrinsic catalytic activity of electrode materials under equilibrium 

conditions. As no overpotential is applied, j0 strongly depends on reaction activation 
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energy. The smaller the Tafel slope and the higher the exchange current density, the better 

the performance. 

Figure 1-5. (a) Polarization curves and (b) corresponding Tafel plots for three types of 

catalyst performance: (i) low onset-potential and low Tafel slope (gray), (ii) low onset-

potential and high Tafel slope (pink), (iii) high onset-potential and low Tafel slope (blue). 

The onset potential (indicated by the arrows) is identified by the change in the slope of 

the polarization curve due to transition from non-Faradaic to Faradaic activity. (c,d) 

Schematic representation of (c) flat (conventional) and (d) nanostructured electrodes.59 

Electrode specific surface area is one particularly important parameter for 

electrochemical applications. A larger specific surface area can provide more active sites. 

When sweeping electrode potential, the measured current is directly proportional to the 

amount of surface accessible to electrolyte. As shown in Figure 1-5c and d, the 

electrochemically active surface area (ECSA) of nanostructured electrodes is 

substantially dissimilar to the geometrical area of flat electrodes. Therefore, precise 

measurement of ECSA, reflecting the total number of active sites on a given electrode 

surface, is of exceptional importance for accurately gauging catalysts’ performance. The 
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ECSA can be estimated from the electrochemical double-layer capacitance (Cdl) of the 

catalytic surface. One method to determine Cdl is cycling the electrode in a potential range 

using static CV, in which no apparent Faradaic processes occur, under the same 

conditions for electrocatalysis characterization. This non-Faradaic region is typically a 

0.1 V potential window centered at the open-circuit potential (OCP) of the system.63 The 

charging current ic is measured from CVs at different scan rates, and is assumed to be due 

to double-layer charging. The evolution of non-Faradaic current density should scale 

linearly with the scan rate. The relation between ic, the scan rate (ν) and the double layer 

capacitance (Cdl) is given in the following equation: 

Ic = ν Cdl 

The plot of ic as a function of ν will give a straight line with a slope equal to Cdl. For 

example, an efficient oxygen evolution electrode (NiFe/NF) was prepared by 

electrodepositing amorphous NiFe hydroxide nanosheets directly onto Ni foam (NF), 

which exhibited high catalytic activity towards water oxidation in alkaline solution and 

was capable of delivering current densities of 500 and 1000 mA cm-2 at overpotentials of 

240 and 270 mV, respectively.64 The Cdl of this NiFe/NF electrode measured from the 

scan rate dependent CVs in 1 M KOH solution was 1.10 mF (Figure 1-6). To estimate 

ECSA, a general specific capacitance of Cs = 0.040 mF cm-2 in 1 M NaOH is adopted 

based on typical reported values.63 As a result, the ECSA of the NiFe/NF electrode is 

calculated to be 27.5 cm2 according to the following equation:  

ECSA = Cdl / Cs 

The NiFe/NF electrode’s geometric surface area (GSA) is about 0.55 cm2 and its 

roughness factor (RF) is determined to be 50 by the equation:  

RF = ECSA / GSA 
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Figure 1-6. (a) Charging currents measured in the non-Faradaic potential range of -0.05 

V to 0.05 V at scan rates of 5, 10, 25, 50, 100, 200 and 400 mV s-1, respectively. (b) The 

cathodic (red circle) and anodic (blue square) charging currents measured at 0 V vs. 

Ag/AgCl, plotted against the scan rates. The double-layer capacitance determined from 

this system is taken as the average of the absolute value of anodic and cathodic slopes of 

the linear fits.64 

Turnover frequency (TOF) is, in principle, the best evaluation of the intrinsic catalytic 

activity and serves as one of the activity metrics to compare the activity of different 

electrocatalysts. TOF is defined as the number of desired products per catalytic site per 

unit of time (usually seconds). However, due to the difficult determination of the true 

active sites of heterogeneous catalysts, it is not straightforward to get a precise TOF 

value.65 A heterogeneous catalyst generally contains easily accessible surface catalytic 
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sites and inaccessible internal atoms/catalytic species. Calculating TOF values based on 

the surface atoms or the easily accessible catalytic sites is the ideal approach. However, 

it is not possible to completely determine all the accessible active sites.11 A more realistic 

method to calculate TOF is to consider all the catalytic species of one material, including 

those accessible or not accessible. The TOF value determined in this way is actually 

underestimated compared with the true TOF value, but nevertheless, this enables a fair 

and consistent comparison among reported electrocatalysts. As TOFs are typically a 

function of potentials, plotting the evolution of TOF against overpotential should become 

standard practice when reporting electrocatalytic activity of nanomaterials.59 For example, 

Boettcher et al. calculated a TOF value for Co1-xFex(OOH) (0<x<1) using the catalyst 

mass based on the total number of Co and Fe atoms from the steady-state current at the 

overpotential of 350 mV, and Co0.54Fe0.46(OOH) exhibited a peak TOF value of 0.61 ± 

0.10 s-1.66 B. Zhang et al. reported the in-situ electrochemical conversion of an ultrathin 

tannin-NiFe (TANF) complex film as an efficient OER electrocatalyst with a remarkably 

large TOF of 1.36 s-1 at the overpotential of 300 mV, assuming both Fe and Ni were the 

OER active sites.67  

Faradic efficiency (FE), the efficiency of electrons participating in a desired reaction, 

is an important value to assess the origin of measured electrical current, especially in 

some nonquantitative or nonselective reactions. For example, the FE of HER can be 

defined as the ratio of generated H2 amount to the theoretical H2 amount.59,62 Generally, 

the FE of one desired reaction can be calculated by the following equation: 

FE = (n×β×F) / Q 

n is the quantity in moles of the product, β is the number of electrons involved in the 

reaction, F is the Faraday constant, Q is the total exchanged charge. The estimation of FE 
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is particularly necessary for OER because parasitic reactions can occur on electrocatalysts, 

such as the formation of oxides.68  

Figure 1-7. EIS measurements. (a) Nyquist diagram and (b) Bode plots of Ni0.75Fe0.25-

LDH and Ni0.75V0.25-LDH with a bias of 350 mV overpotential.69 

In most studies, electrochemical impedance spectroscopy (EIS) measurement are 

required to characterize the charge-transfer properties of electrocatalysts during operation. 

The internal resistance (Rs) and charge-transfer resistance (RCT) can be determined and 

the potential drop can be corrected using the measured EIS value.59,70 For example, L. 

Sun et al. reported a monolayer of nickel-vanadium (Ni-V) layered double hydroxide 

(LDH) with excellent performance toward water oxidation in alkaline media, comparable 

to those of the best-performing NiFe LDHs.69 In their work, EIS was conducted to 

determine the higher conductivity of Ni0.75V0.25-LDH than Ni0.75Fe0.25-LDH, as shown in 

Figure 1-7. Apparent semicircles in the high frequency range shown in the Nyquist 

diagrams (Figure 1-7a) are associated with RCT in LDH catalysts. Compared to 
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Ni0.75Fe0.25-LDH, Ni0.75V0.25-LDH exhibited a smaller diameter of the semicircle, 

indicating its lower charge transfer resistance and improved conductivity, which can 

explain the higher intrinsic catalytic activity. After fitting the EIS data, the RCT of 

Ni0.75V0.25-LDH was estimated to be 62 Ω cm2 lower than 94 Ω cm2 for Ni0.75Fe0.25-LDH. 

The smaller resistance of Ni0.75V0.25-LDH was also reflected by the Bode plots (Figure 

1-7b).

A good electrocatalytic stability is of fundamental significance for electrodes, 

especially in practical applications which typically require operation for hundreds or 

thousands of hours or cycles without performance degradation.59 The electrocatalytic 

stability of an electrode can be measured using two methods. One is to record the 

overpotential variation at a fixed current (chronopotentiometry) or the current variation 

at a fixed potential (chronoamperometry) over time. Chronopotentiometry measurements 

are typically performed at the current density of 10 mA cm-2, corresponding to 12% solar 

to hydrogen efficiency in a solar conversion device. A second approach is to cycle the 

potential using CV or LSV in a given potential range, with a cycling number larger than 

5000 times.  
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1.3 Electrochemistry of Hydrogen Evolution Reaction (HER) 

1.3.1 HER Mechanism in Acidic and Alkaline Media 

HER (2H+ + 2e- → H2) is a two-electron transfer reaction with one catalytic 

intermediate (H*, * denotes an active site on electrode surface). The HER process 

contains multiple steps taking place on the surface of the cathode through the Volmer-

Heyrovsky or the Volmer-Tafel mechanism (Eq. 1-3, Figure 1-8).12,33 In the Volmer step, 

an electron transferred to the electrode is coupled with a proton on an active site to yield 

an absorbed hydrogen atom. The proton source is the hydronium cation (H3O
+) in acidic 

media or a water molecule in alkaline media. Subsequently, an H2 molecule may be 

formed via two different reaction pathways. In the Volmer-Heyrovsky mechanism, a 

second electron transferred to the absorbed hydrogen atom (formed in Volmer step) will 

couple with another proton from the electrolyte to evolve H2 (Eq. 2). In the Volmer-Tafel 

mechanism, two absorbed hydrogen atoms combine on the electrode surface to evolve H2 

(Eq. 3). Effective electrocatalysts are required to minimize the overpotentials to overcome 

the kinetic barriers derived from the high activation energies for the formation of reaction 

intermediates on the electrode surface. HER takes place through the absorbed hydrogen 

intermediate (H*). The hydrogen adsorption Gibbs free energy, ∆GH, has been proposed 

as a good descriptor for the intrinsic activity of different electrocatalysts. A volcano 

relationship can be obtained by plotting experimentally measured exchange current 

densities for different electrocatalysts against ∆GH at appropriate coverage calculated 

from density functional theory (DFT), as shown in Figure 1-9.71 Platinum (Pt) group 

metals sit near the top of the volcano with an almost thermo-neutral hydrogen absorption 

energy (∆GH≈0), making them the best-performing HER electrocatalysts. The volcano 

plot is a quantitative illustration of the Sabatier principle. If catalysts bind hydrogen too 
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weakly, the Volmer step will limit the overall reaction rate by making the hydrogen 

intermediate state unstable and prevent any further reactions from occurring. If catalysts 

bind hydrogen too strongly, the Heyrovsky or Tafel step will be the rate-limiting reaction 

by blocking active sites and inhibiting hydrogen evolution. An efficient HER 

electrocatalyst should bind the hydrogen intermediate neither too weakly nor too strongly. 

Volmer step: H+ + e- + * → H*   (1) 

Heyrovsky step: H* + H+ + e- → H2 + *   (2) 

Tafel step: 2H* → H2 + 2* (3) 

Figure 1-8. The HER mechanism on the surface of an electrode in acidic solutions.12 
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Figure 1-9. Volcano plot of the exchange current density (i0) as a function of the DFT-

calculated Gibbs free energy of absorbed atomic hydrogen (∆GH) for nanoparticulate 

MoS2 and the pure metals.71  

Although Pt-based materials are well-known and best-performing electrocatalysts 

toward HER, their scarcity and high cost has hindered their widespread application. 

Earth-abundant electrocatalyst alternatives to Pt have received worldwide research 

interest, and MoS2 has emerged as an excellent HER catalyst for theory-guide discovery 

and design of new electrocatalysts.72 MoS2 has been considered inactive toward HER for 

decades since 1970s, because bulk MoS2 crystals were non-reactive for HER. However, 

in 2005 Hinnemann et al. found that the (1010) Mo-edge structure in MoS2 was similar 

to the active sites of nitrogenases in Nature. They performed Density Functional Theory 

(DFT) calculations to obtain the free energy of atomic hydrogen bonding to MoS2 edges 

(∆GH), which was 0.08 eV, near the optimal value of 0 eV (Figure 1-10).73 In contrast, 

the ∆GH of the basal plane is as high as 1.92 eV, leading to the poor activity of bulk MoS2 

crystals. This study raised the possibility of MoS2 as a promising HER electrocatalyst in 

theory. Furthermore, MoS2 nanoparticles supported on graphite achieved a current 
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density of 10 mA cm-2 at the overpotential of ~175 mV, becoming the most active non-

precious metal HER electrocatalyst reported in acid at that time. Later, Jaramillo et al. 

experimentally confirmed that the edges of MoS2 nanoparticles are indeed the catalytic 

active sites for HER.71 By preparing MoS2 nanoparticles with different sizes on Au (111), 

the distribution of area coverage and edge lengths was verified using scanning tunneling 

microscopy (STM), and their electrocatalytic activity toward HER were found to correlate 

linearly with the MoS2 edge length, not with MoS2 area coverage. The combination of 

theoretical and experimental studies proved that only the MoS2 edges are active sites, thus 

promoting the synthesis of MoS2 catalysts with a large portion of exposed edge sites.  

Figure 1-10. Calculated free energy diagram for hydrogen evolution at a potential U = 0 

relative to the standard hydrogen electrode at pH = 0.73  

Nanostructuring MoS2 catalysts is one effective means to expose more edge sites. 

Jaramillo et al. also reported a MoS2 catalyst with a high ratio of edge sites relative to 

basal plane sites by synthesizing contiguous large-area thin films of a highly ordered 

double-gyroid MoS2 bicontinuous network with nanoscaled pores (Figure 1-11).74 The 

high surface curvature of the mesostructure exposed a large fraction of edge sites, 
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resulting in excellent activity for HER. Depositing catalyst nanoparticles on supports with 

high surface area is another attractive approach to improve the catalytic activity. For 

instance, Dai et al. have synthesized MoS2 nanoparticles on reduced graphene oxide 

(RGO) sheets, achieving superior HER activity relative to the RGO-free synthesis.75 The 

high HER performance of the MoS2/RGO hybrid catalyst can be attributed to the strong 

chemical and electronic coupling between GO sheets and MoS2, facilitating the selective 

growth of highly dispersed MoS2 nanoparticles on GO instead of aggregation. The small-

size and highly-dispersed MoS2 possessed an abundance of accessible edges, serving as 

active catalytic sites for HER.  

Figure 1-11. Synthesis procedure and structural model for mesoporous MoS2 with a 

double-gyroid (DG) morphology.74  
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1.3.2 Ni-Based HER Electrocatalysts in Alkaline Media 

Although many electrocatalysts (e.g. Pt, MoS2) have exhibited excellent catalytic 

activity toward HER in acidic electrolyte, the development of effective water splitting 

devices in acidic media has been impeded by the lack of non-precious oxygen evolution 

reaction (OER) catalysts as the counterparts.76,77 The highly active OER electrocatalysts 

in alkaline condition have inspired researchers to exploit non-precious-metal-based 

materials to catalyze HER in alkaline solutions. Nickel (Ni)-based materials have shown 

promising potential in the applications of water splitting, batteries and supercapacitors. 

Since metallic Ni was discovered to catalyze alkaline HER about one century ago, 

tremendous efforts have been exerted to investigate the catalytic mechanism and to design 

novel active electrodes.78 Understanding the correlation between chemical composition 

or active sites and catalytic activity will help optimize the chemical structures and 

morphology of Ni-based catalysts to provide promising HER performance for efficient 

water splitting. In alkaline media, the HER process can also take place through two 

general mechanisms: Volmer-Tafel and Volmer-Heyrovsky. However, different reactants 

and products in each step are involved due to different dominant species in an electrolyte 

with high pH value. In alkaline media, the Volmer step begins with absorption of one 

water molecule (H2O), which is reduced into an absorbed hydrogen atom (H*) and a 

negatively charged hydroxide ion (OH-) (Eq. 4). Subsequently, the absorbed H* can either 

absorb another H2O molecule to produce a H2 molecule and a OH- (Heyrovsky step, Eq. 

5), or combine with anther H* to generate a H2 molecule (Tafel step, Eq. 6). In alkaline 

media, some electrocatalysts (e.g. Pt) were found a significantly lower catalytic activity 

compared with in acidic media, suggesting that the catalytic activity can be greatly 

affected by different reaction pathways.79,80 For example, in acidic solution, the Volmer 

step only involves one proton reduction into an absorbed H* and the catalytic activity 
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strongly depends on the adsorption energy of H atom. Whereas, in alkaline solution, the 

Volmer step also relies on the adsorption energy of H2O molecule and the desorption 

energy of OH- ions except for H atom adsorption energy. Low H2O adsorption energy 

will cause insufficient reactants, while low hydroxide OH- desorption energy can result 

in a loss of active sites (a poisoning effect). Therefore, to improve the HER catalytic 

activity in alkaline condition, these factors need to be considered.  

Volmer step: H2O + e- + * → H*+ OH- (4) 

Heyrovsky step: H* + H2O+ e- → H2 + OH- + *   (5) 

Tafel step: 2H* → H2 + 2* (6) 

Figure 1-12. FESEM images of Ni: (a) dendrite, (b) particle, (c) film and (d) commercial 

foil. (e) CV results of the various Ni catalysts for HER in 6.0 M KOH with a scan rate of 
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50 mV s-1 at 298 K. Inset plot: current density at -1.6 V. (f) Tafel plot of the various Ni 

catalysts for HER. Inset plot: exchange current density.81 

Nanostructured Ni metals can significantly increase surface area and dramatically 

improve current densities at the same overpotentials by providing more accessible active 

surfaces to electrolyte. Ni catalysts with different shapes, including dendrite, particle and 

film have been fabricated by electrodeposition under various conditions (Figure 1-12).81 

Among them, the Ni dendrite exhibited the largest electrochemical surface area (ECSA) 

and a particularly active facet for alkaline HER, and showed the highest HER catalytic 

activity. The HER activity trend matched the trend in ECSA: dendrite > particle > film > 

foil. Although nanostructure can provide higher ECSA, the HER performance is still 

limited by the intrinsic catalytic activity of metallic Ni. To further improve HER activity, 

the chemical environment of Ni can be tuned by introducing other metallic elements into 

metallic Ni to form Ni-based alloys. A nearby hetero-atom can alter the surface 

adsorption/desorption energy of adjacent Ni atoms or provide additional 

adsorption/desorption sites for certain intermediates to facilitate catalytic processes. A 

series of Ni-based binary and ternary alloy co-deposits have been studied as potential 

HER catalyst candidates.82 The Ni-based binary alloys followed the following activity 

trend: Ni-Mo > Ni-Zn > Ni-Co > Ni-W > Ni-Fe > Ni-Cr > Ni-plated steel. Ni-Mo-based 

ternary alloys followed the following activity trend: Ni-Mo-Fe > Ni-Mo-Cu > Ni-Mo-Zn > 

Ni-Mo-Co ~ Ni-Mo-W > Ni-Mo-Cr.83 Unsupported Ni-Mo alloy nanopowders were 

prepared through an initial precipitation step and subsequent heat treatment under a 

reducing atmosphere. These can be suspended in common solvents and cast onto arbitrary 

substrates to form films with different mass loadings (Figure 1-13).84 The mass-specific 

catalytic activity under alkaline conditions approached that of the most active non-noble 

HER catalysts reported, and the coatings displayed good stability. 
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Figure 1-13. Synthetic scheme for generating Ni-Mo nanopowders and HER catalytic 

activities for Ni and Ni-Mo electrodes in 1 M NaOH solution.84 

Bulk Ni-based oxides or hydroxides are generally considered inactive toward HER due 

to the inappropriate hydrogen atom adsorption energy (for example, strong H adsorption 

on O but weak H adsorption on Ni). However, the electronic property of Ni-based oxides 

or hydroxides can be tuned to facilitate HER. Gratzel et al. incorporated iron (Fe) into 

Ni(OH)x to form NiFe layered double hydroxides (LDHs) directly on Ni foam by a 

hydrothermal method. This material exhibited high activity toward both OER and HER 

in alkaline electrolyte.85 The obtained NiFe LDH/Ni foam electrode achieved a current 

density of 10 mA cm-2 at an overpotential of 210 mV, which was smaller than that of 

Ni(OH)2/Ni foam. To elaborate on the underlying mechanism, Dai et al. suggested that 

the metallic Ni on Ni foam served as active sites and NiFe LDH may provide adjacent 

surface adsorption/desorption sites for the HER process.77 Cui et al. reported an 

improvement of catalytic activity when transition metal oxide (TMO) nanoparticles (~20 

nm) were transformed electrochemically into ultra-small nanoparticles through lithium 

(Li)-induced conversion reactions, resulting in large surface areas and many catalytically 

active sites.86 Specifically, the conversion reaction mechanism between Li and TMOs 
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(MO + 2Li+ + 2e- ↔ M + Li2O) in Li-ion batteries takes place with the breakage of M-O 

bonds and the formation of M-M and Li-O bands.87 As shown in Figure 1-14 a-e, when 

lithium is extracted to reform MO, the initial MO particles would transform into much 

smaller ones a few nanometers in diameter. The generated small particles can be 

maintained with limited number of Li galvanostatic cycles, ensuring good electrical and 

mechanical contact for efficient and stable catalysis (Figure 1-14d). Further increasing 

the cycle number did not significantly reduce the sizes of the interconnected nanoparticles, 

but rather led to their breaking off, leading to loss of connection and negative effects on 

the catalytic performance (Figure 1-14e). The OER activities of pristine cobalt oxide 

(CoO) and those after 1, 2 and 5 galvanostatic cycles were evaluated in 0.1 M KOH 

solution by dropping on carbon fiber paper (CFP), and the results are shown in Figure 1-

14g. The OER activity was significantly improved after one galvanostatic cycle compared 

with pristine CoO/CNF, reaching the highest level when the second cycle was completed, 

as additional surface area and active sites were introduced by the ultrasmall 

interconnected nanoparticles. However, after the fifth cycle, the OER performance 

decreased since some ultrasmall nanoparticles detached and lost electrical contact with 

the matrix particles. Furthermore, the NiFeOx/CFP electrode after two galvanostatic 

cycles exhibited significantly improved HER activity with an onset potential of -40 mV, 

which is much smaller than that of the pristine counterpart (Figure 1-14h). The reduced 

dimension of the nanoparticles may tune the electronic properties associated with Li+ 

insertion/extraction and change the oxidation state of the metal cations, contributing to 

the enhanced catalytic activity. 



29 

Figure 1-14. Schematic of TMO morphology evolution under galvanostatic cycles. (a-e) 

TMO particles gradually change from single crystalline to ultra-small interconnected 

crystalline NPs. Long-term battery cycling may result in the break-up of the particle. (f) 

The galvanostatic cycling profile for CoO/CNF. (g) OER catalytic activities of CoO/CNF 

on CFP in 0.1M KOH under different galvanostatic cycles. (h) The HER activity of 2-

cycle NiFeOx/CFP is significantly improved from its pristine counterpart and close to the 

Pt/C benchmark.86 

HER in alkaline media involves multiple adsorption/desorption processes with 

different intermediates (e.g. H2O, OH-, H atom), so single-component electrocatalysts 

may not be able to match the desired adsorption/desorption energies for each species. 

Introducing a second component connected closely to the single Ni-based catalyst can 

form a hetero-structured interface, which is a promising approach to optimize the 
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adsorption/desorption energies for intermediates. For example, although Pt-group metals 

are good for the adsorption and recombination of the reactive hydrogen intermediates, 

they are generally inefficient in the water dissociation step; meanwhile, metal oxides are 

effective for cleaving the HO-H bond but are poor at converting the hydrogen 

intermediates into H2 molecule. Markovic et al. reported the combination of a metal (Pt) 

and a metal (hydroxy) oxide (Ni(OH)2) to facilitate the different parts of the multistep 

HER process in alkaline environments.88 Ni(OH)2 provides the active sites for water 

dissociation and Pt facilitates the adsorption of hydrogen intermediates and their 

subsequent association to form H2. Conductive ultrathin Ni(OH)2 clusters (height: 0.7 nm, 

width: 8 to 10 nm) were grown on both pristine Pt single-crystal surfaces (Figure 1-15a, 

c) and Pt surfaces modified by 2D Pt islands (Figure 1-15B, Figure 1-16A). Figure 1-

15D shows that the Pt-islands/Pt(111) surface is about 5 to 6 times as active for HER as 

that of a pristine Pt(111) surface. As no visible 2D Pt islands were present in an STM 

image (Figure 1-16A), it was concluded that Ni(OH)2 clusters preferentially nucleated 

on Pt surface defects and most of Pt islands were covered by Ni(OH)2 clusters. Compared 

to single-crystal Pt(111) surface, the Ni(OH)2/Pt-islands/Pt(111) electrodes exhibited 

higher activity for HER in KOH solutions by a factor of ~8 at the overpotential of -0.1 V. 

Ni(OH)2 played a supporting role in water dissociation and the subsequent H 

intermediates on Pt surfaces. In a schematic representation of water dissociation (Figure 

1-16C), the authors proposed that water adsorption requires a concerted interaction of O

atoms with Ni(OH)2 and H atoms with Pt at the boundary between Ni(OH)2 and Pt 

domains, followed by water dissociation and hydrogen adsorption on the nearby vacant 

Pt sites. Finally, two Had atoms on the Pt surface recombine to form H2 (H2 desorption 

step) and OH- desorbs from the Ni(OH)2 domains, and another water molecule will be 

adsorbed on the same site. Later, Markovic et al. also demonstrated that the HER activity 

of a Ni electrode modified by Ni(OH)2 nanoclusters was almost 4 times higher than that 
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of bare Ni surfaces. Therefore, manipulating the metal oxide/hydroxide-metal interfaces 

provides an approach to enhance the activity of cost-effective catalysts for alkaline 

electrolyzers.89  

 

Figure 1-15. (A to C) STM images (60 nm by 60 nm) and CV traces for (A) Pt(111), (B) 

Pt(111) with 2D Pt islands, and (C) Pt(111) modified with 3D Ni(OH)2 clusters in 0.1 M 

KOH electrolyte. (D) HER activities for Pt(111), Pt-islands/Pt(111), and Ni(OH)2/Pt(111) 

surfaces in alkaline solution (a, b, and c, respectively). Corresponding HER activities for 

Pt(111) and Pt-islands/Pt(111) electrodes in acid solutions (a  ́ and b )́ are shown to 

emphasize large initial differences between kinetics of the HER in alkaline versus acid 

solutions. The inset shows XANES spectra for Ni(OH)2 on Pt(111) shown for three 

different potentials: HER (-0.1 V), Hupd (0.1 V), and near OER (1.2 V).88  
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Figure 1-16. (A) STM image (60 nm by 60 nm) and CV trace of the Ni(OH)2/Pt-

islands/Pt(111) surface. (B) Comparison of HER activities with Pt(111) as the substrate. 

(C) Schematic representation of water dissociation, formation of M-Had intermediates,

and subsequent recombination of two Had atoms to form H2 (magenta arrow) as well as 

OH- desorption from the Ni(OH)2 domains (red arrows), followed by adsorption of 

another water molecule on the same site (blue arrows).88 

To optimize the HER catalytic activity in alkaline media, one feasible approach is to 

maximize the amount of metal oxide/hydroxide-metal interfaces, especially for non-

precious-metal-based catalysts. Tang et al. reported the growth of one-dimensional 

ultrathin Pt nanowires on two-dimensional Ni(OH)2 nanosheets aimed at exposing more 

active sites while maintaining improved electron transport characteristics (Figure 1-17).90 

The single-layered Ni(OH)2 nanosheets with suitable surface modification were found to 

play a key role in the immobilization and growth of ultrathin Pt nanowires (~1.8 nm). The 
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obtained Pt nanowires on single-layered Ni(OH)2 hybrid materials showed unprecedented 

catalytic HER activity and excellent stability in basic electrolyte.  

Figure 1-17. (a) Schematic illustration of synthesis procedure of Tang et al. and the 

resulting Pt nanowires/single-layered Ni(OH)2. (b, c) TEM images in low and high 

resolution. Scale bars in (b) and (c) are 100 and 50 nm, respectively.90 

Dai et al. synthesized a nickel oxide/nickel (NiO/Ni) heterojunction-like structure 

attached to mildly oxidized carbon nanotube (NiO/Ni-CNT).91 In the synthesis process, 

the metal ion-carbon nanotube interactions impeded complete reduction and Ostwald 

ripening of Ni species into pure Ni phase. The obtained NiO/Ni-CNT exhibited 

comparable HER catalytic activity to commercial Pt/C in alkaline solutions (pH = 9.5-

14), as shown in Figure 1-18. For the HER process on NiO/Ni-CNT, the authors proposed 

that the formation and desorption of OH- might be the rate-determining step. On NiO/Ni 

interface, the OH- generated by H2O splitting preferentially attached to a NiO site, while 
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a nearby Ni site facilitated H adsorption, imparting synergistic HER catalytic activity to 

NiO/Ni. 

 

Figure 1-18. Structure and performance of a highly active NiO/Ni-CNT nano-hybrid. (a) 

Low magnification STEM bright-field image. Scale bar = 2 nm. (b) Atomic resolution 

STEM bright-field image. Scale bar = 2 nm. (c) A schematic illustration of the NiO/Ni-

CNT structure. Scale bar = 2 nm. (d-f) Chemical maps for the spatial distribution of Ni 

(e) and O (f) and their overlap (d), from the whole area shown in (b). Scale bar = 2 nm. 

(g-i) Linear sweep voltammetry of NiO/Ni-CNT and Pt/C in (g) 1 M KOH, (h) NaHCO3-

Na2CO3 buffer (pH = 10.0) and (i) potassium borate buffer (pH = 9.5) at a scan rate of 1 

mV s-1.91 

In summary, although metallic Ni has been calculated to have a suitable H adsorption 

energy close to Pt, the HER catalytic activity is much worse. Constructing metal 
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oxide/hydroxide-metal interfaces is promising to provide more opportunities for the 

optimization of HER electrocatalytic activity. Theoretical calculations as well as new 

synthetic approaches are required to rationally design active metal oxide/hydroxide-metal 

sites with optimized H2O and OH- adsorption energies for high-performance HER 

electrocatalytic alternatives to precious metals.  
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1.4 Electrochemistry of Oxygen Evolution Reaction (OER) 

1.4.1 Mechanisms in Alkaline Media 

Oxygen evolution reaction (OER, 2H2O → O2 + 4H+ + 4e-) is another half reaction in 

water splitting in addition to the hydrogen evolution reaction (HER, 2H+ + 2e- → H2). 

Compared with the two-electron process of HER, OER involves a four-electron transfer 

with more sluggish kinetics, and thus OER is often regarded as the bottleneck of water 

splitting. Effective and stable OER electrocatalysts are required to make water splitting 

viable and efficient. Currently, precious metal oxides such as IrO2 and RuO2 have been 

considered as benchmark OER catalysts because of their high activity in both acidic and 

alkaline media.92 However, IrO2 and RuO2 will be oxidized to IrO3 and RuO4 at higher 

anodic potentials, respectively, leading to their dissolution in the electrolyte. The 

instability of these precious metal oxides as well as low abundance and high cost have 

severely impeded their large-scale commercial applications for hydrogen production 

applications.93 Recently, earth-abundant, nonprecious, transition-metal-based (Fe, Co, Ni, 

Mn, etc.) catalysts have attracted substantial attention and have been studied extensively 

in alkaline media.94  

The OER mechanism is still debatable for different catalysts. Taking metal oxide as an 

example, OER has been proposed to be a four proton/electron-coupled processes. The 

four reaction steps occurring in alkaline media are shown in the following equations (Eq. 

7-10), in which * represents the active sites, and O*, OH*, OOH* are the absorbed 

intermediates.  

OH- + * → OH* + e-                              (7) 

OH* + OH- → O* + H2O + e-                       (8) 
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O* + OH- → OOH* + e- (9) 

OOH* + OH- → O2 + * + H2O + e-     (10) 

2O* → O2 + *      (11) 

Figure 1-19 also displays the schematic illustration of one general OER mechanism on 

metal oxides in alkaline media, where M represents the active center. In the first step (Eq. 

7), with one electron transfer and the oxidation of a hydroxide anion (OH-), a hydroxyl 

radical is adsorbed on the active center to form M-OH. Then M-O will be formed with 

the removal of a coupled proton and electron from M-OH (Eq. 8). Subsequently, two 

pathways are proposed to produce an O2 molecule. In one pathway, an OH- will attach on 

an M-O site (due to the nucleophilic Nature of OH-), followed by one electron transfer

and oxidation of OH-, yielding the hydroperoxide intermediates (M-OOH) (Eq. 9). Finally, 

a proton-coupled electron transfer will lead to the release of an O2 molecule and the 

regeneration of the active center (M) (Eq. 10). In another pathway, two M-O species will 

combine to directly give rise to O2 and M (Eq. 11).  

Figure 1-19. A generalized OER mechanism. M represents the active centre.65 
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The multiple intermediates in the OER process make the full kinetic description a 

daunting task. Much effort has been devoted to correlate OER activity with a descriptor, 

which can be either an experimentally determined parameter or a computed property. 

Plotting the activity of OER catalysts as a function of a good descriptor is supposed to 

build a volcano-type relation, giving insights into the key steps of OER and screening 

new catalysts. Markovic et al. studied well-characterized Pt(111) surfaces modified with 

electrically conductive 3d-M hydr(oxy)oxide clusters (3d-M = Ni, Co, Fe and Mn), and 

established OH-M2+δ bond strength (O ≤ δ ≤ 1.5) as a descriptor, relating to the catalytic 

activities for HER and OER.95 The OH-M2+δ bond strength was determined by the 

measurement of the CO oxidation rate on Pt, assuming CO is exclusively absorbed on Pt 

while OH is absorbed only on metal oxides. The obtained OH-M2+δ energetic followed 

the trend of Ni < Co < Fe < Mn, which governed the OER activity trend, Ni > Co > Fe > 

Mn. Figure 1-20 exhibits the trend in OER overpotential as a function of 3d transition 

elements. The top inset shows that, using Co(OH)2 system as the model system, the OER 

polarization curves for Pt(111) and Au(111) with 40% CoOOH coverage are identical, 

suggesting that the noble metal substrates played a limited or no role in OER and that the 

OER reaction rate is only controlled by the interaction of reactants and reaction 

intermediates with CoOOH. The authors concluded that the M2+δOδ(OH)2-δ/Pt(111) 

electrocatalysts are purely mono-functional, and the main descriptor is the OHad-M
3+ 

interaction. If the interaction between 3d-M hydr(oxy)oxides and OHad is too strong, the 

generated reaction intermediates can be stabilized, resulting in the “poisoning” of the 

surface, a lower turnover frequency and a concomitant decrease in OER activities. Ni 

possesses the optimal interaction strength with OHad, thus satisfying the Sabatier principle 

for catalyst design (Figure 1-20). Trace amount of Fe impurities in NaOH and KOH 

electrolytes can significantly improve the OER activity of Ni oxides/hydroxides. 

Boettcher et al. used precipitated bulk Ni(OH)2 to absorb Fe impurities to purify KOH 
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electrolyte and studied the structure and OER activity of Ni(OH)2/NiOOH films as a 

function of aging. Only the film exposed to Fe impurities showed increased OER activity. 

The authors hypothesized that Fe exerts a partial-charge-transfer activation effect on Ni. 

Figure 1-20. Trend in overpotential for the oxygen evolution reaction (OER) shown as a 

function of the 3d transition elements. The elements are arranged in the order of their 

oxophilicity from Mn to Ni. Pt is shown as a reference.95 

Later, Boettcher et al. studied the intrinsic OER catalytic activity of first-row transition-

metal oxides and (oxy)hydroxides in alkaline media by eliminating the obscurity resulting 

from electrolyte impurities, potential-dependent electrical conductivity, and the difficulty 

in correcting for surface-area or mass loading differences.96 A modified OER activity 

trend for nominally oxyhydroxide thin film was obtained: Ni(Fe)OxHy > Co(Fe)OxHy > 

FeOxHy-AuOx > FeOxHy > CoOxHy > NiOxHy > MnOxHy. X. Hu et al. developed a novel 

electrochemical method for the deposition of thin-film transition metal (oxy)hydroxides 

as OER catalysts.97 By sorting out the deviations from irregular surface area generations, 

the intrinsic activity can be determined, and a volcano-type plot was obtained using the 
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M-OH bond strength as a descriptor. As shown in Figure 1-21, NiOx and CoOx, with

bond strengths below the optimal value, sat on the ascending branch, while, FeOx and 

MnOx were on the descending branch due to excessively strong M-OH energies. NiFeOx 

and CoFeOx, located near the top of the volcano, benefitted from the near optimal M-OH 

bond strengths.  

Figure 1-21. Volcano plot of the intrinsic activities of transition metal (oxy)hydroxides 

vs. M-OH bond strength. The green dotted lines indicate a hypothetical, perfect volcano.97 
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1.4.2 OER Active Sites in Fe-Containing Metal Oxides/Hydroxides 

Iron oxides (FeOx) alone show low catalytic activity toward OER, but even a trace 

amount of Fe ion can dramatically enhance the activity of Ni or Co (oxy)hydroxides. 

Boettcher et al. conducted systematic aging experiments for Ni(OH)2 in different purity 

electrolytes and observed the CV behavior in the presence of Fe impurities.98 After aging, 

Fe was found to incorporate in a  Ni(OH)2 film and its OER activity increased 

significantly (Figure 1-22a). They also studied the role of Fe in Co-based materials and 

reported that the intrinsic OER activity of Co1-xFex(OOH) was about 100-fold higher for 

x≈0.6-0.7 than for x≈0, and Fe-free CoOOH absorbs Fe impurities from electrolyte.66 Fe 

incorporation and increased activity resulted in an anodic shift in Co2+/3+ redox peaks, 

indicating strong electronic interactions between the two elements and likely 

substitutional doping of Fe for Co (Figure 1-22b). Now, it is widely accepted that the 

incidental incorporation of Fe impurities in electrolyte can enhance the catalytic activity 

of NiOx. NiFeOxHy and CoFeOxHy are among the most active OER electrocatalysts in 

alkaline solutions, which are much more efficient than the corresponding unary 

oxides/hydroxides. However, the active center in NiFeOxHy and CoFeOxHy during OER 

process is still in debate.  

The effect of Fe impurities in thin film Ni oxide electrodes on OER catalysis was first 

studied in the 1980s.99 With Fe incorporation, the overpotential at the current density of 

80 mA cm-2 was over 200 mV lower than that of bare Ni oxide, and the Tafel slop 

decreased from 70 mV dec-1 to 25 mV dec-1. In-situ Mossbauer spectra was acquired on 

a composite hydroxide of Fe and Ni to study the changes in the electronic and structural 

properties of Fe sites due to Ni sites induced redox processes.100 The observed spectral 

changes suggested a partial transfer of electronic density away from trivalent Fe sites and 

structural rearrangements toward more symmetrical coordination. Boettcher et al. also 
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investigated the changes in electronic properties, OER activity and structure as a result of 

Fe incorporation.66,98 In situ electrical measurements showed a more than 30-fold increase 

in conductivity with Fe addition in Ni1-xFex(OH)2/Ni1-xFexOOH thin films. They also 

showed that Co1-xFexOOH was conductive under OER conditions but FeOOH was an 

insulator until the overpotentials were more than 400 mV. However, the increased 

conductivity due to Fe incorporation and the electron-withdrawing effect of Fe on Ni were 

not sufficient to explain the significantly enhanced OER activity.  

 

Figure 1-22. (a) CV scans of Ni1-xFex(OH)2/Ni1-xFexOOH films.98 (b) Voltammetry of 

Co1-xFex(OOH) showing a systematic anodic shift of the (nominally) Co2+/3+ wave with 

increasing Fe content.66  
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In alkaline electrolyte purified by eliminating Fe impurities, the TOFs of only FeOOH, 

CoOOH and NiOOH have been obtained as follows: 0.016 ± 0.003 s-1 at η = 350 mV, 

0.007 ± 0.001 s-1 at η = 350 mV and 0.01 s-1 at η = 400 mV, respectively.66,98 The fact 

that FeOOH is actually more active than CoOOH and NiOOH and that FeOOH is an 

insulator under OER conditions while CoOOH and NiOOH are conductive lead to the 

hypothesis that Fe is the active centre in NiFeOxHy and CoFeOxHy with CoOOH and 

NiOOH serving as conductive, high-surface area and chemically stabilizing hosts. To 

better understand the role of Fe, Boettcher et al. incorporated other cations (La, Mn, Ce 

and Ti), which behave similarly, into Ni (oxy)hydroxide (NiOxHy) and evaluated their 

effects on the OER activity and redox behavior of NiOxHy in Fe-free alkaline solution.101 

Only Ce was found to increase the activity of NiOxHy (by about 10-fold), but this effect 

was transient, likely due to phase separation (Figure 1-23). Further, no clear correlation 

was found between the activity and the nominal Ni2+/3+ redox potential, indicating the 

uniqueness of Fe. These results suggest that Fe is the active site in NiFeOx. The authors 

also evidenced two types of Fe species in NiFeOxHy. One type includes Fe rapidly 

incorporated into the NiOxHy from Fe cations in solution and another is those incorporated 

slowly into bulk NiOxHy. The former likely locates at edges or defects, while the latter 

likely substitutes Ni in the bulk materials. Only the first type of Fe species is responsible 

for the enhanced OER activity, whereas the second type modulates Ni voltammetry 

during OER processes.102 One conclusion drawn was that the exceptional OER activity 

of Ni(Fe)OxHy was not dependent on the Fe species in the bulk materials or the average 

electrochemical properties of Ni cations. The local geometric structure plays a crucial role 

in activity improvement rather than the bulk electrochemical behavior (Figure 1-24).  
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Figure 1-23. Voltammetry of spin-cast Ni1-zMzOxHy films, where M is a metal cation, 

and a) z ≈0.1 and b) z ≈ 0.3 in Fe-free 1 M KOH at 20 mV s-1. c) Total metal turnover 

frequency (TOFtm) vs. the average of the cathodic and anodic peak potentials for the 

Ni2+/3+ redox wave (E0’) for spin-cast Ni1-zMzOxHy after 5 (top) and 50 (bottom) cycles in 

1 M Fe-free KOH at 20 mV s-1 at low concentrations (closed squares) and higher 

concentrations (open circles) of added cations.101  

The composition, morphology and the oxidation state of metal ions as well as the 

intermediates of metal oxides during OER measurements rely greatly on the applied 

potential and reaction conditions. In-situ and operando characterization has been 

developed to better understand the catalysts and their reaction mechanisms. For example, 

X-ray absorption spectroscopy (XAS) is powerful for probing the chemical, electronic

and structural Nature of catalysts. In situ and operando XAS can be adopted to observe 

the changes in oxidation state, coordination geometry and bond length of NiFeOxHy. Bell 

et al. employed in situ XAS with high energy resolution fluorescence detection (HERFD) 



45 

 

to identify the local environmental of Ni and Fe cations in Ni1-xFexOOH.103 The oxidation 

states and metal-to-oxygen bond distance changed with increasing applied potential. At 

potentials well below the OER onset, Ni presents as α-Ni(OH)2 in the absence of Fe, and 

as Ni(II)1-xFe(III)x(OH)2(SO4)x/2(H2O)y (a LDH structure) in the presence of Fe. Upon 

increasing the potential beyond the onset of OER, Ni cations will be oxidized from Ni2+ 

to Ni3+, but Fe cations remain as Fe3+. In Fe-doped NiOOH (Ni1-xFexOOH) with less than 

25% Fe, Fe3+ occupies octahedral sites with unusually short Fe-O bond distances. 

Combining the analysis with DFT+U computations, the authors established that this 

structural motif can give rise to near optimal adsorption energies of OER intermediates 

with a low theoretical overpotential at Fe sites (0.43 V vs. 0.59 V for Ni sites) (Figure 1-

25). Therefore, Ni sites in Ni1-xFexOOH are not the active center for water oxidation.103 

Strasser et al. used operando differential electrochemical mass spectrometry (DEMS) and 

XAS under OER conditions to explore OER dynamics and local atomic structure 

motifs.104 They observed that up to 75% Ni centers were oxidized from +2 to +3 and up 

to 25% Ni centers reached the +4 state in NiOOH catalysts under OER conditions. 

However, for NiFeOxHy, Ni atoms largely remained as Ni2+ under OER catalysis; 

meanwhile, Fe centers remained as Fe3+, regardless of potential and composition. To 

reconcile the low level of oxidized Ni in NiFeOxHy, the authors proposed a kinetic 

competition between the metal oxidation process and the metal reduction step during 

OER.  

The XAS studies can only detect Fe(III), even under OER conditions.103,104 Stahl et al. 

observed Fe(IV) by performing operando Mossbauer spectroscopy, which directly 

evidenced the formation of Fe4+ in NiFeOxHy catalysts during steady-state water 

oxidation, accounting for 21% of the total Fe.105 However, the authors supposed that the 

Fe4+ species were not responsible for OER catalytic activity but for the stabilizing effect 
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of the NiOOH lattice. They favored an OER mechanism where water oxidation takes 

place on Fe4+ species generated at edge or defect sites, which echoed Boettcher’s study 

with different types of Fe species in NiFeOxHy.
102 Ahn and Bard performed surface 

interrogation scanning electrochemical microscopy (SI-SECM) to directly measure the 

surface OER kinetics of Ni(IV) and Fe(IV) in NiOOH, FeOOH and Ni1-xFexOOH 

(0<x<0.27).106 They observed two types of catalytic sites exhibiting “fast” and “slow” 

OER kinetics. The “fast” site fraction matched the iron atom content in the Ni1-xFexOOH 

film, suggesting that Fe(IV) in NiOOH matrix was the active site for OER, with a TOF 

of 1.70 s-1 at η=438 mV in 2 M NaOH. In contrast, the TOFs of Ni(IV) site in NiOOH 

and Fe(IV) in FeOOH were 0.04 s-1 and 0.18 s-1, respectively.  

Figure 1-24. Cyclic voltammetry demonstrating the role of Fe incorporation into NiOxHy 

from electrolyte solutions. NiOxHy cycled (10 mV s-1) initially in Fe-free aq. 1 M KOH, 

then moved to a 1 M KOH solution with 1 mM Fe(NO3)3. The inset depicts a possible 

mechanism for Fe incorporation into a NiOxHy platelet as a function of cycling in Fe-

saturated solution.102 
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Figure 1-25. Ni K-edge XAS showing shifts in both oxidation state-sensitive and 

structure-sensitive features due to oxidation of Ni2+ sites and theoretical OER 

overpotentials at Ni and Fe surface sites in pure and doped γ-NiOOH and γ-FeOOH model 

structures.103 

Recently, Nocera et al. provided evidence that Fe doping influences the Ni valency, 

which promotes the formation of Ni4+, leading to an enhanced OER catalytic activity.107 

Fe3+ behaved as one of the strongest Lewis acidic metals. Specifically, incorporating the 

Lewis acid Fe3+ into the NiOxHy matrix can increase the acidity of OHx (aqua/hydroxo) 

moieties coordinated to Ni, which will lower the reduction potential of the Ni4+/3+ couple 

and thus cause a larger amount of Ni4+ in Fe-doped NiOxHy catalysts. In turn, more oxyl 

radical Ni(III)-O• will be generated and promote O-O bond formation via proton coupled 

electron transfer (PCET), thus increasing the OER catalytic activity. Gray et al. have 

trapped a reactive intermediate cis-dioxo-iron (IV) from NiFe LDH during 

electrochemical water oxidation in nonaqueous media by conducting in situ spectroscopic 

measurements.108 Their chemical trapping experiments revealed that adding H2O into the 

polarized electrochemical cell could produce hydrogen peroxide (H2O2), and adding HO- 

could produce O2. This ferrate analog can be regenerated by anodic polarization, 

confirming that the high-valent oxo complex is active in the OER process. Martirez and 
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Carter characterized OER activity on an unexplored facet ( 2 ) of Fe-doped β-nickel 

oxyhydroxide (β-NiOOH).109 OER mechanisms with different pathways were explored 

on this Fe-doped ( 2 ) surface, as shown in Figure 1-26. Commonly suspected OER 

intermediates, such as OH, O, H2O2, HO2 and O2, and four proton-coupled electron 

transfer (PCET) steps (sometimes only one or two-energy, non-PECT chemical steps) are 

involved in these pathways. Four categorically different routes were studied that can be 

defined by their distinct key intermediates: the η1-O2H route (Pathways A and B), cis-

dioxo route (C), oxo route (D), and dihydrogen peroxide (η1-O2H2) route (E and F). The 

authors predicted that the OER overpotential for an Fe-centered pathway is reduced by 

0.34 V compared to a Ni-centered pathway. Further, unprecedented near-quantitative 

lower bounds were predicted for the overpotentials: 0.49 V and 0.14 V for pure and Fe-

doped β-NiOOH ( 2 ), respectively. The DFT calculations favored an unreported 

pathway involving an Fe(IV)-oxo intermediate, which was stabilized in a low-

coordination environment with the discharge of Ni3+ to Ni2+. Therefore, the authors 

proposed that the molecular-like 4-fold-lattice-oxygen-coordinated Fe sites on the ( 2 ) 

surface may likely be the key active site in electrocatalysis.109 Chorkendorff et al. 

investigated the impact of nanoparticle size and lattice oxygen on water oxidation on 

NiFeOxHy.
110 Size-selected, homogeneous, monodisperse and chemically pure NiFe 

particles were prepared using a magnetron sputtering nanoparticle source. A clear 

difference in catalytic activity was measured for different particle sizes. The smaller the 

particle, the higher the current normalized to the deposited metal mass. 5.4 nm NiFe 

nanoparticles exhibited high intrinsic activity with a TOFsurface (assuming that only the 

surface metal atoms of the nanoparticles are active sites) of 6.2±1.6 s-1 at the overpotential 

of 300 mV, which is among the highest reported for OER in alkaline solution. The authors 

also performed isotope labelling experiments using 18O through three procedures and 
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operando mass spectrometry to distinguish surface from bulk catalysis (Figure 1-27). In 

procedure a, 16O was incorporated into the NiFe nanoparticles by cycling in 0.1 M KOH 

solution made from H2
16O, and then the OER was performed in 18O-based alkaline 

electrolyte. In procedure b and c, 18O was incorporated into the NiFe nanoparticles by 

cycling in 16O-based 0.1 M KOH electrolyte and by heating in a vacuum chamber with 

18O2 gas, respectively. The OER processes in both b and c were conducted in 16O-based 

alkaline electrolyte. The results showed that OER mechanism in alkaline solution does 

not proceed via lattice oxygen.110  

 

Figure 1-26. OER mechanism on an Fe-doped β-NiOOH ( 2 ) surface. Ball-and-stick 

models showcase different intermediates on the Fe-centred active site. Only the active 
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site is shown for clarity. A side view roughly along the [0001] direction is shown. The 

structures are named according to their fifth (and sixth) ligand(s) and named X′or X″in 

the absence of both. Four categorically different routes are studied that can be defined by 

their distinct key intermediates: (1) η1-O2H route (Pathways A and B), (2) cis-dioxo route 

(C), (3) oxo route (D), and (4) dihydrogen peroxide (η1-O2H2) route (E and F).109  

Figure 1-27. Isotope labelling experimental procedures. Schematic representation of the 

isotopic labelling experiments. Procedure a uses H2
16O to oxidize the nanoparticles and 

H2
18O for the oxygen evolution, and the opposite is done for Procedure b. Procedure c 

uses 18O2 gas to oxidize NiFe and the oxygen evolution is performed in 16O water. In the 

representation, M refers to Ni and Fe metal atoms.110 

Smith et al. performed in situ surface enhanced Raman spectroscopy (SERS) on 

Ni(Fe)(OH)2 under OER conditions in 0.1 M KOH.111 As shown in Figure 1-28, broad 

peaks in the region of 900-1150 cm-1 were observed with the formation of γ-NiOOH, 

which were attributed to the deprotonation of nickel oxyhydroxide under anodic 
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potentials to produce negatively charged species (NiOO-), described as adsorbed “active 

oxygen”. Evidence was provided that the generation of “active oxygen” was pH 

dependent and can only occur in strong alkaline media, which was linked to the OER 

activity. The authors did not rule out Fe as active site, but emphasized the key role of 

these highly oxidized Ni sites in electrocatalysis.  

Figure 1-28. SERS spectra of freshly prepared Ni(Fe)(OH)2 acquired in the potential 

range of 1.0-1.9 V vs RHE in 0.1 M KOH (pH 13).111 

The difficulty in identifying the active sites in Fe-containing metal oxides/hydroxides 

lies in the lack of direct and unambiguous detection techniques. Although DFT 

computations favor the Fe-active-site mechanism, it is possible that a Ni site activated by 

a neighboring Fe site will become a fast site. Both Fe and Ni are essential to the catalytic 

activity. To obtain more accurate information, further element-specific characterization 

as well as experimentally calibrated DFT computations are required.65  
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1.4.3 NiFe Layered Double Hydroxides 

Layered double hydroxides (LDHs) are a class of lamellar materials comprised of 

positively charged brucite (Mg(OH)2)-like layers and intercalated solvation molecules as 

well as charge-balancing anions in the interlayer region.112,113 Most of LDHs contain both 

divalent and trivalent metal cations and can be represented by one general formula: [M2+
1-

xM
3+

x(OH)2][A
n-]x/n·zH2O (Figure 1-29). In the positively charged brucite-like layers, the 

divalent metal cations (M2+, e.g., Ni2+, Co2+, Mg2+, Ca2+, Mn2+, Cu2+, Zn2+), coordinated 

octahedrally by hydroxyl groups, are partially substituted by trivalent metal cations (M3+, 

e.g., Al3+, Fe3+, Mn3+, Cr3+, Ga3+). The interlayered charge compensating anions (An-) are

typically carbonate (CO3
2-), which can be easily replaced by other anions (e.g. NO3

-, Cl-, 

Br- and SO4
2-). The M2+ and M3+ in LDHs sometimes can be replaced with monovalent 

(M+) and tetravalent (M4+) metal cations.112 In the last few decades, LDHs have received 

intensive research interest due to their compositional and structural flexibility and easy 

accessibility to electrolytes by anion exchange. Some LDHs are considered to be among 

the most advanced electrocatalysts. In particular, NiFe LDH has exhibited prominent 

OER catalytic activity and stability in alkaline solution.76,114  

Figure 1-29. The idealized structure of carbonate-intercalated LDHs with different 

M2+/M3+ molar ratios showing the metal hydroxide octahedra stacked along the 

crystallographic c-axis, as well as water and anions present in the interlayer region.113 
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However, one of the major problems associated with LDHs is the intrinsically low 

conductivity (10-13-10-17 S cm-1),115 which hinders their practical application as 

electrocatalysts. Much research effort has been directed at solving this problem. Proposed 

solutions include compositing LDHs with other conductive materials or in situ 

synthesizing LDHs on conductive substrates. These have been demonstrated to be 

effective at improving the OER performance. Dai et al., for the first time, synthesized 

ultrathin NiFe-LDH nanoplates on mildly oxidized multiwalled carbon nanotubes (CNTs) 

(Figure 1-30a) by a low-temperature metal salt hydrolysis and a high-temperature 

solvothermal crystallization.116 The obtained NiFe LDH/CNTs was found to deliver a 

current density of 5 mA cm-2 at an overpotential of 250 mV, superior to the NiFe LDH 

without CNTs (Figure 1-30b). The improved OER activity of NiFe LDH can be attributed 

to its strong coupling with carbon nanotubes, facilitating charge transport. Sasaki et al. 

successful synthesized exfoliated Ni2/3Fe1/3 LDH nanosheets, which were 

heteroassembled with graphene oxide (GO) and reduced graphene oxide (rGO) via 

electrostatic flocculation into superlattice-like hybrids (Figure 1-30c).117 The 

heterostructured Ni2/3Fe1/3-GO exhibited excellent OER catalytic activity with an 

overpotential of 230 mV at a current density of 10 mA cm-2 (Figure 1-30d). The 

overpotential was further reduced to 210 mV when combining Ni2/3Fe1/3 LDH nanosheets 

with more conductive rGO (Ni2/3Fe1/3-rGO). The improved catalytic performance was 

ascribed to the following factors. First, coupling Ni2/3Fe1/3 LDH nanosheets with GO/rGO 

increased the electronic conductivity. Second, the aggregation of LDH nanosheets was 

effectively inhibited by the incorporation of GO/rGO, increasing the electrochemical 

active surface areas (ECSA). Third, a synergistic effect between Ni2/3Fe1/3 LDH 

nanosheets and GO/rGO was obtained during OER due to the direct and interfacial 

contact at a molecular scale in the superlattices. Yao et al. also reported a heterostructured 

hybrid by electrostatic coupling of exfoliated positively charged NiFe LDH nanosheets 
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and negatively charged defective graphene (NiFe LDH-NS@DG) (Figure 1-30e).118 The 

electron transfer was significantly enhanced by the direct interaction between 3d 

transition metal atoms and carbon defects. The defective graphene also served as the 

building substrate due to its highly active defect sites and large specific surface area. 

Therefore, NiFe LDH-NS@DG exhibited ultrahigh OER catalytic activity in alkaline 

solution, reaching a current density of 10 mA cm-2 at an overpotential of 210 mV (Figure 

1-30f). It also showed high HER performance with an overpotential of 115 mV at a

current density of 20 mA cm-2 in alkaline solution (Figure 1-30g). An overall water 

splitting cell assembled with this bifunctional electrocatalyst as both the anode and 

cathode can achieve a current density of 20 mA cm-2 at an unprecedented voltage of only 

1.5 V. Gratzel et al. directly grew NiFe LDHs on the surface of Ni foam (NF) by a simple 

one-step hydrothermal method.85 This in-situ synthesized NiFe LDHs@NF exhibited 

high activity toward both OER and HER, with an overpotential of 240 mV and 210 mV 

at the current density of 10 mA cm-2, respectively.  

The interlayer distance of the metal hydroxide layers in LDHs is significantly 

associated with the OER performance.119 An investigation on the exchange of intercalated 

anions and exfoliation of nanosheets revealed the Nature of modified layered structures. 

Specifically, Muller et al. synthesized NiFe-LDH nanosheets with different interlayer 

anions (NO3
-, BF4

-, Cl-, ClO4
-, CO3

2-, C2O4
2-, F-, I-, PO4

3-, SO4
2-) and studied the role of 

these anions in water oxidation catalysis.120 They found that carbonate can rapidly replace 

other interlayer anions in alkaline electrolyte in ambient air, and the NiFe-LDH with 

carbonate had the highest catalytic activity. The OER activity as a function of anion 

basicity was demonstrated by the experiments in virtually carbonate-free alkaline 

electrolyte. The multivalent anions with higher charge are stronger proton acceptors and 

electron donors than monovalent anions. DFT calculations suggested that nitrite species 
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in the precatalyst with its N atom bound to edge-site Fe played a major role in the higher 

OER activity. Sun et al. prepared NiFe LDHs with 16 different anions intercalated. They 

showed that the OER activity of these NiFe LDHs correlated linearly with the redox 

potentials of the intercalated anions. For example, the NiFe LDH intercalated with 

hypophosphites (H2PO2
-) of low redox potential (high reducing ability) had a low OER 

overpotential of 240 mV, whereas the NiFe LDH intercalated with fluorian (F-) of high 

redox potential (low reducing ability) showed a high overpotential of 370 mV.  

Liquid exfoliation of layered materials has emerged as an effective strategy to produce 

atomically thin nanosheets with ultrahigh specific area and more exposed active sites 

compared to their bulk counterparts. Song and Hu successfully exfoliated bulk CoCo, 

NiCo and NiFe LDHs into single-layer nanosheets by first increasing the interlayer 

spacing via anion exchange and then subsequently immersing the material in formamide 

(Figure 1-31a-c).121 The formamide molecules, as external guests intercalated into the 

LDH host, can expand the interlayer spacing and facilitate the subsequent exfoliation. 

The OER activity of bulk LDHs was significantly improved after exfoliation (Figure 1-

31d), following the order of NiFe>NiCo>CoCo. The exfoliated NiFe and NiCo LDHs 

nanosheets outperformed a commercial IrO2 catalyst. The authors attributed the higher 

OER activity of exfoliated LDHs mainly to the increased amount of active edge sites and 

the higher electronic conductivity. Furthermore, other organic molecules can also enter 

into the LDH layers to initiate some intercalation reactions. Li et al. intercalated 

hexaethynylbenzene (HEB) monomers into the layers of FeCo LDH (the FeCo LDH was 

previously grown on Ni foam via a hydrothermal method; Figure 1-32a).122 Hydrogen 

bonds could develop between the acetylenic hydrogen of HEB monomers and the 

hydroxide layers, resulting in the formation of an HEB film on the LDH nanosheet surface. 

With the aid of tetramethylethylenediamine (TMEDA), in-situ polymerization took place 
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to form graphdiyne (GDY) uniformly on both sides of LDH surfaces. The layer spacing 

of FeCo LDH layers was further enlarged due to the stress/deformation caused by the 

intimate contact of GDY and LDH, leading to the complete exfoliation of bulk LDHs into 

thicker LDH nanosheets. The obtained hybrid (e-LDH@GDY/NF) had several merits as 

electrodes for overall water splitting. First, the intrinsically high electronic conductivity 

of GDY can improve charge transport and catalytic kinetics. Second, numerous charged 

carbon atoms resulting from the high content of triple bonds in GDY can serve as extra 

active sites. Third, the robust GDY can protect FeCo LDH from corrosion and improve 

the long-term stability. Fourth, the porous Nature of GDY and the large open spaces of 

the catalyst structure can promote mass transport, gas evolution and accessibility of the 

electrolyte to active sites. Therefore, e-LDH@GDY/NF exhibited enhanced activity and 

stability toward OER and HER in alkaline solution. For OER, overpotentials of 216, 238, 

249, 275 and 278 mV were obtained at current densities of 10, 50, 100, 500 and 1000 mA 

cm-2, respectively (Figure 1-32b). For HER, overpotentials of 43, 174, 215, and 256 mV 

were achieved at 10, 50, 100, and 1000 mA cm-2, respectively (Figure 1-32c). And for 

overall water splitting, low cell voltages of 1.43 V, 1.46 V and 1.49 V were required to 

afford current densities of 10, 100 and 1000 mA cm-2, respectively (Figure 1-32d). 
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Figure 1-30. (a) Schematic showing ultrathin NiFe LDH nanoplates grown on carbon 

nanotubes. (b) Polarization curves of NiFe-LDH/CNT hybrid, NiFe-LDH plate alone, a 

physical mixture of β-Ni(OH)2/CNT and FeOx/CNT, and a physical mixture of β-Ni(OH)2 

and FeOx nanoparticles loaded on CFP (with a loading of 0.25 mg cm-2) in 1 M KOH.116 

(c) Procedures of hetero-assembling NiFe LDH nanosheets and graphene for water

splitting. (d) Polarization curves of Ni2/3Fe1/3-rGO, Ni2/3Fe1/3-GO, Ni2/3Fe1/3-NS, and GO 

in 1 M KOH solution.117 (e) Schematic illustration of the preparation of NiFe LDH-
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NS@DG nanocomposite. (f) OER linear sweep voltammetry curves of different 

electrocatalysts in 1 M KOH solution; inset shows overpotential required for a current 

density of 10 mA cm-2. (g) HER linear sweep voltammetry curves of different 

electrocatalysts (i) Pt/C; (ii) NiFe LDH-NS@DG10; (iii) NiFe LDH-NS@NG10; (iv) 

NiFe LDH-NS@G10; (v) NiFe LDH-NS) in 1 M KOH solution.118  

 

 

Figure 1-31. (a) Layered hydroxides. d1 is the inter-layer distance. (b) LDHs with inter-

layer anions and water molecules. d2 is the expanded inter-layer distance, d2>d1. (c) 

Exfoliated LDH monolayers dispersed in a colloidal solution. Each single layer is 

composed of edge-sharing octahedral MO6 moieties (M denotes a metal element). Metal 

atoms: purple spheres; oxygen atoms: red spheres; interlayer anions and water molecules: 

grey spheres. (d) Polarization curves of LDH materials and IrO2 nanoparticles in 1 M 

KOH. Inset shows the Tafel plots.121 
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Figure 1-32. (a) Schematic representation of the synthetic strategy for the preparation of 

e-ICLDH@GDY/NF structures. (b) OER CV curves and (c) HER CV curves of e-

ICLDH@GDY/NF, ICLDH/NF, ILDH@GDY/NF, CLDH@GDY/NF, GDY/NF, RuO2 

and Pt, respectively. (d) Overall water splitting activities of e-ICLDH@GDY, the pristine 

ICLDH/NF and a precious RuO2-Pt couple with iR-correction.122 

In summary, NiFe LDH has emerged as one of the most promising electrocatalysts 

toward water splitting, especially OER. However, the current NiFe LDH electrocatalysts 

still cannot fulfil the requirements of practical industrial application in terms of catalytic 

capability in large-current electrolysis and long-term durability. The OER performance 

of LDH materials can be optimized for large-scale applications in future by adjusting 

various factors, including morphology, electrical conductivity, intercalation, exfoliation, 

dopant, defects and porosity.119  
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1.5 Electrochemistry of Oxygen Reduction Reaction (ORR) 

1.5.1 ORR Mechanisms 

Oxygen reduction reaction (ORR) is the reverse reaction of the oxygen evolution 

reaction (OER), and cathodic ORR plays an essential role in fuel cells and metal-air 

batteries. In aqueous solution, ORR can proceed through a multistep reaction process 

mainly in two pathways: (1) a two-electron pathway with the formation of H2O2 (in acidic 

medium) or HO2
- (in alkaline medium) as the intermediate species, and (2) a more 

efficient four-electron pathway with the direct formation of H2O (in acidic medium) or 

OH- (in alkaline medium). The direct 4e- pathway is preferred in fuel cells and metal-air 

batteries as it can deliver a high current density, while the 2e- pathway is attractive for the 

production of H2O2 in industry. Depending on the oxygen dissociation barrier on the 

catalyst surface, the direct 4e- pathway can proceed via two possible mechanisms, 

dissociative and associative, with a series of proposed elementary reactions.33,38,123-125 

Table 1 summarizes the multiple steps of the ORR process in alkaline medium. DFT 

calculations have revealed that the initial O2 dissociation energy barrier mainly 

determines whether the ORR proceeds through a dissociative mechanism or an 

associative mechanism. For example, the dissociation barrier on carbon surfaces is very 

high, so carbon materials favour a 4e- associative or a 2e- associative pathway. In contrast, 

the ORR proceeds on metal surfaces usually through a 4e- dissociative pathway due to 

the strong initial O2 adsorption, which was experimentally evidenced in Pt-based 

materials.125 The free energies of the involved intermediates can also determine through 

which pathway ORR proceeds. As shown in Figure 1-33, a volcano plot was obtained by 

plotting the theoretical ORR activity of metals against oxygen binding energy (∆EO), 

where Pt sat near the top.126 If metals bind oxygen too strongly, the rate-determining step 
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will be the proton-electron transfer to O*, OH* or OOH*. On the other hand, if metals 

bind oxygen too weakly, the rate-determining step will be the O-O bond splitting of O2 

molecules in the dissociative mechanism or the proton-electron transfer to O2* in the 

associative mechanism. 

Table 1. Mechanisms of ORR in alkaline medium 

Mechanisms Reactions 

Dissociative (4e-) 

O2 + 2* → 2O* 

2O* + 2e- + 2H2O → 2OH* + 2OH- 

2OH* + 2e- → 2OH- + 2* 

Associative (4e-) 

O2 + * → O2* 

O2* + H2O + e- → OOH* + OH- 

OOH* + e- → O* + OH- 

O* + H2O + e- → OH* + OH- 

OH* + e- → OH- + * 

Associative (2e-) 

O2 + * → O2* 

O2* + H2O + e- → OOH* + OH- 

OOH* + e- → OOH- +* 

Figure 1-33. Trends in ORR activity of metals plotted as a function of the oxygen binding 

energy (∆EO).126  
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1.5.2 Carbon-Based, Metal-Free ORR Electrocatalysts 

Pt-based materials have displayed excellent catalytic activities for ORR. However, they 

suffer from many shortcomings for large-scale applications, including scarcity, high cost, 

instability under harsh working conditions and susceptibility to gas poisoning. The 

development of alternative catalysts from earth abundant materials exhibiting high 

performance comparable to or even better than Pt is highly desirable. Carbon-based 

metal-free catalysts (C-MFCs) have shown promise for ORR electrocatalysis due to their 

earth abundance, low cost, high conductivity, structure tenability at molecular level and 

high tolerance for acidic and alkaline media. Carbon materials have three different 

allotropes: amorphous carbon, graphite and diamond. Graphite is comprised of 

multilayered graphene sheets with conjugated sp2 carbon hexagons in their basal plane 

and weak van der Waals interaction between layers. Carbon nanotubes (CNTs) can be 

conceptualized as graphene sheets rolled up into single-wall carbon nanotubes (SWCNTs) 

or multiwall carbon nanotubes (MWCNTs). Amorphous carbon, CNTs and graphene 

have all been widely studied in electrocatalysis fields.127  

Carbon atoms in the graphitic carbon skeleton can be substituted by other heteroatoms 

(e.g. B, N, O, F, P, S, Cl, Br, I, Se) with different size and electronegativity (Figure 1-

34a), resulting in modulated charge distribution over the carbon network due to charge 

transfer to the heteroatoms.123 Heteroatom doping can impart modified electronic and 

other properties to the carbon host. In 2009, Dai and co-workers first reported vertically-

aligned, nitrogen-containing carbon nanotubes (VA-NCNTs) as C-MFCs to effectively 

catalyze ORR in alkaline media.128 Compared to commercial carbon-supported platinum 

(Pt-C) and nitrogen-free carbon nanotubes (CCNTs) (Figure 1-34b), the VA-NCNTs 

exhibited superior electrocatalytic activity with lower overpotentials, long-term durability 

and better tolerance to crossover and poison effects in the presence of fuel molecules and 
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CO. DFT calculations revealed that the incorporated N atoms with strong electronic 

affinity imparted relatively high positive charge to the adjacent carbon atoms, which 

strengthened the chemisorption of O2 molecules and weakened the O-O bonds, favoring 

a 4e- pathway for ORR (Figure 1-34 c and d).  

Figure 1-34. (a) Heteroatom doping process on graphitic carbon. (b) RRDE 

voltammograms for oxygen reduction in air-saturated 0.1 M KOH at the Pt-C/GC (curve 

1), VA-CCNT/GC (curve 2), and VA-NCNT (curve 3) electrodes. (c) Calculated charge 

density distribution for the NCNTs. (d) Schematic representations of possible adsorption 

modes of an oxygen molecule at the CCNTs (top) and NCNTs (bottom). The C atoms 

around the pyrrolic-like nitrogen could possess much higher positive charges than do the 

C atoms around the pyridinic-like nitrogen.128 

Qiao et al. investigated the origin of electrocatalytic ORR activity of graphene-based 

catalysts doped with different heteroatoms (B, N, O, P and S), which highly depended on 

the Nature of the dopant (Figure 1-35a, b).129 The experimental results were in good 
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agreement with DFT calculations, giving a volcano plot between the exchange current 

density (j0) and the adsorption free energy (∆GOOH*) of the OOH* intermediate (Figure 

1-35c). The calculated points all sat on the right branch of the volcano plot because of the 

weak binding of OOH* on graphene-based surfaces. An optimal catalyst X-graphene was 

predicted to locate at the apex of the volcano with a calculated j0 value of 2.12 × 10-6 A 

cm-2, which was 5 times higher than that of a Pt/C catalyst.  

The electrocatalytic activity of heteroatom-doped C-MFCs can be affected by the types 

of the dopant species even for the same dopant. For example, an N dopant may exist in 

the carbon skeleton in different forms, such as pyridinic N, pyrrolic N, graphitic N and 

pyridine-N-oxide (Figure 1-35d).127,130 To determine the active sites for ORR, Nakamura 

et al. synthesized four types of N-doped highly oriented pyrolytic graphite (HOPG) 

catalysts with well-defined π conjugation: pyridinic N-dominated HOPG (pyri-HOPG), 

graphitic N-dominated HOPG (grap-HOPG), edges patterned on the surface without N 

(edge-HOPG) and clean-HOPG.131 Among them, the pyri-HOPG catalyst showed the 

highest activity at high voltages (Figure 1-35e). In addition, the pyri-HOPG catalyst 

contained a lower pyridinic N concentration (0.60 at.%) than the graphitic N 

concentration (0.73 at.%) in the grap-HOPG catalyst, indicating that pyridinic N 

contributed to the reduced ORR overpotential. The authors proposed a possible ORR 

mechanism on the N-doped carbon materials in acidic media, as shown in Figure 1-35f. 

Pyridinic N can create Lewis basicity on the adjacent carbon atom, on which an O2 

molecule is adsorbed in the initial step of the ORR process. Then ORR proceeds along 

two possible pathways, 4e- or 2e- mechanisms. Therefore, the carbon atoms next to 

pyridinic N were considered the active sites. However, Liu et al. experimentally proved 

that in N-doped graphene nanoribbon networks (N-GRW) the electron-donating 

quaternary N was responsible for ORR and electron-withdrawing pyridinic N was 
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responsible for OER. Whether pyridinic or graphitic N plays a more important role as 

active sites for ORR is still under debate. It is generally accepted that the graphitic N can 

increase the limiting current density, while the pyridinic N can determine the onset 

potential of ORR.127,132  

Figure 1-35. (a) Schematic representation of the model of different heteroatom (B, N, O, 

S, and P)-doped graphene. Green, pink, blue, red, yellow and purple spheres represent C, 

B, N, O, S and P atoms, respectively.127 (b) Enlarged LSV plots at the ORR initial region 

for different catalysts on RDE in an O2-saturated 0.1 M KOH solution. Inset illustrates 

the first electron transfer step, O2 adsorption to become OOH*.129 (c) Volcano plot 

between j0
theory and ΔGOOH* with charge-transfer coefficient α = 0.5.129 (d) N species in 

an N-containing carbon skeleton.130 (e) ORR results for model N-doped HOPG catalysts. 
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Nitrogen contents of the model catalysts are shown in the inset.131 (f) Schematic pathway 

for ORR on nitrogen-doped carbon materials.131 

The catalytic activity of single-heteroatom-doped carbon materials can be further 

improved by co-doping with other heteroatoms owing to the electronic interactions 

among different dopants leading to synergistic effects. In 2011, Dai and coworkers first 

prepared vertically aligned carbon nanotubes containing both B and N atoms (VA-BCN) 

via the pyrolysis of melamine diborate (a single-compound source of C, B and N) and 

used them as metal-free ORR electrocatalysts (Figure 1-36a).133 The synergistic effects 

of co-doping with B and N were compared with vertically aligned carbon nanotubes only 

doped with N (VA-NCNTs) and vertically aligned carbon nanotubes only doped with B 

(VA-BCNTs). The ORR LSV curves of different CNT electrodes in Figure 1-36b shows 

that both VA-CNT and VA-BCNT would go through a typical two-step pathway, 

indicating a successive 2-electron reaction process. Compared to VA-CNT, VA-BCNT 

possessed a more positive onset potential and higher current density due to the boron 

doping facilitating the chemisorption of O2. In contrast, the LSV profiles of both VA-

NCNT and VA-BCN electrodes showed a single-step wide platform for a direct 4-

electron ORR process. The most positive half-wave potential (i.e., the potential at which 

the current is half of the limiting current) was observed on VA-BCN. These results 

demonstrate that the synergetic effect arising from the co-doping with B and N atoms 

could significantly improve the ORR catalytic activity of CNT electrodes. Later, BCN 

graphene with tunable B/N co-doping levels were developed by thermally annealing 

graphite oxide in the presence of boric acid and ammonia (Figure 1-36c). The B12C77N11 

graphene was validated experimentally and theoretically to have the best performance 

toward ORR at the time, even better than commercial Pt/C electrocatalysts (Figure 1-

36d).134  
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Figure 1-36. (a) SEM image of VA-BCN nanotubes. (b) LSV curves of various CNT-

based electrodes in oxygen-saturated 0.1 M KOH electrolyte at a scan rate of 10 mV s-

1.133 (c) B, N co-doped graphene (BCN) model of B12C77N11H26. Gray ball: C, White ball: 

H, Pink ball: B, Blue ball: N. (d) ORR LSV curves for BCN graphene with different 

compositions in oxygen-saturated 0.1 M KOH solution at 10 mV s-1 and compared with 

a commercial Pt/C electrocatalyst.134 

Co-doping different heteroatoms can also provide C-MFCs with multiple catalytic 

functionalities, capable of catalyzing dissimilar electrochemical reactions (e.g. HER, 

OER or ORR) simultaneously. For example, Dai’s group has developed N, P co-doped 

3D porous carbon networks through the pyrolysis of a melamine-phytic acid 

supermolecular aggregate and graphene oxide (MPSA/GO), which were employed as 

efficient metal-free bifunctional catalysts for ORR and HER (Figure 1-37).135 The same 
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group also reported an N-, P- and F-doped graphene as a multifunctional, metal-free 

electrocatalyst for ORR, OER and HER. This material was synthesized by pyrolysis of 

polyaniline-coated graphene oxide (GO-PANi) with ammonium hexafluorophosphate 

(AHF), which provided the source of N, P and F and facilitated the formation of a porous 

structure.136 Thus, doping heteroatoms in C-MFCs has been found to be a powerful tool 

for applications in various electrocatalytic reactions. 

 

Figure 1-37. (a) Preparation process of MPSA/GO-1000 via cooperative assembly and 

pyrolysis (at 1000 °C). (b) HER LSV curves for various samples in 0.5 M H2SO4 solution. 

(c) LSV curves for various samples and a commercial Pt/C catalyst for ORR in O2-

saturated 0.1 M KOH solution.135  
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1.5.3 Carbon-Based, Metal-Free Air Electrode Catalysts in Zinc-Air 

Batteries 

Zinc-air (Zn-air) batteries have received much research attention in recent years and 

are considered a promising power source for portable electronics and hybrid/electric 

vehicles. The advantages of Zn-air batteries include high energy density (~1218 Wh kg-

1, about four times higher than commercialized Li-ion batteries), low equilibrium 

potential, flat discharge voltage, long cycling life, safe operation, abundant raw materials, 

low cost, and environmental friendliness.137-139 A recent economic analysis on current 

chemical energy storage technologies indicated that Zn-air batteries were the most 

economically feasible for the smart-grid energy storage.140 Several companies, like EOS 

Energy Storage, Fluidic Energy and ZincNyx Energy Solutions, have developed 

commercial-scale Zn-air battery systems.137  

Typically, a Zn-air battery contains four main parts: a metal Zn electrode, an alkaline 

electrolyte, a membrane separator, and an air electrode packed with catalysts, a current 

collector and a gas diffusion layer (GDL), as shown in Figure 1-38. The working 

mechanism of a Zn-air battery involves Zn dissolution and deposition on the 

negative/metal electrode and the oxygen reduction reaction (ORR) and oxygen evolution 

reaction (OER) on the positive/air electrode. Specifically, during the discharge process, 

the Zn is oxidized with the production of zinc cations, liberating electrons through an 

external circuit to the air electrode. Meanwhile, atmospheric oxygen molecules diffuse 

into the air electrode, accept the transferred electrons and are reduced to hydroxide ions 

via ORR at a three-phase interface among oxygen (gas), electrolyte (liquid) and 

electrocatalysts (solid). The generated hydroxide ions can migrate to the Zn electrode, 

combine with zinc ions and form zincate ions (Zn(OH)4
2-) ions, which can further 

decompose to insoluble zinc oxide (ZnO) at a supersaturated concentration. During 
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charging, OER takes place on the air electrode and metal Zn is deposited on the cathode. 

The reactions occurring on the air electrode and zinc electrode are summarized below (Eq. 

12-14). Thermodynamically, the theoretical voltage of a Zn-air battery is ~1.66 V. 

However, the redox reactions of ORR and OER on air electrodes during discharging and 

charging are kinetically slow, and electrocatalysts are needed to accelerate these 

processes. 

The air electrode reaction:  

O2 + 2H2O + 4e- ↔ 4OH-, E = 0.40 V vs. SHE           (12) 

The zinc electrode reaction: 

Zn + 2OH- ↔ ZnO + H2O + 2e-, E = -1.26 V vs. SHE      (13) 

The overall reaction: 

2Zn + O2 ↔ 2ZnO, E = 1.66 V vs. SHE                 (14) 

 

 

Figure 1-38. Schematic illustration of a Zn-air battery and the air electrode.139 
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Figure 1-39. (a) Schematic illustration of the preparation process for the NPMC foams. 

An aniline (i)-phytic acid (ii) complex (iii) is formed, followed by oxidative 

polymerization into a three-dimensional PANi hydrogel crosslinked with phytic acids. (b) 

LSV curves for NPMC-1000, NPMC-1100, RuO2 and a commercial Pt/C catalyst in 0.1 

M KOH. (c) Discharge/charge cycling curves for two-electrode rechargeable Zn-air 

batteries at a current density of 2 mA cm-2 using the NPMC-1000 air electrode.141 

The air electrodes integrated with oxygen electrocatalysts play a crucial role in 

determining the performance of Zn-air batteries. In most cases, the oxygen 

electrocatalysts cover one side of current collector (e.g. nickel foam and stainless steel) 

and contact the electrolyte, while the gas diffusion layer (e.g. a mixture of porous carbon 

materials and poly-tetrafluoroethylene (PTFE)) is attached on the other side of current 

collector facing open air. The gas diffusion layer, as the channel for oxygen, should have 
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an effective surface area for gas transfer and must be hydrophobic to avoid leakage of 

electrolyte. The ORR and OER process during discharging and charging mainly occur at 

the three-phase boundary among gas (air), liquid (electrolyte) and solid (catalyst), and 

thus excellent contact between oxygen and electrolyte on the surface of electrocatalysts 

is necessary. Ideally, the side of an air electrode contacting with the electrolyte (i.e. the 

electrocatalyst) should be hydrophilic and the other side facing air (the gas diffusion layer) 

should be hydrophobic. A well-tuned wettability (hydrophobicity/hydrophilicity) of air 

electrodes can ensure this sufficient contact, can reduce evaporative losses, and resist 

flooding of electrolyte.  

To realize high-power performance, rechargeable Zn-air batteries rely significantly on 

bifunctional oxygen electrocatalysts toward ORR and OER on the air electrode. The 

catalyst should be active and able to withstand the harsh conditions associated with 

repetitive discharging and charging in alkaline electrolytes. Carbon-based metal-free 

catalysts are a new class of bifunctional oxygen electrocatalysts with high conductivity, 

structural diversity and well-tailored surface chemistry and structures for enhanced 

catalytic activities. These properties are promising for Zn-air battery applications.142,143 

In 2015, Dai’s group developed a mesoporous carbon foam co-doped with N and P 

heteroatoms, obtained through the pyrolysis of a polyaniline aerogel synthesized in the 

presence of phytic acid (Figure 1-39a).141 This N,P-doped carbon foam exhibited 

excellent bifunctional electrocatalytic activity for both ORR and OER, comparable to 

commercial Pt/C and RuO2 catalysts (Figure 1-39b). The assembled two-electrode 

rechargeable Zn-air batteries using this N,P-doped carbon foam as air electrodes showed 

excellent rechargeability with 180 discharge/charge cycles over a period of 30 h (Figure 

1-39c). Density functional theory calculations revealed that the N,P co-doping and

graphene edge effects were critical for improving the electrocatalytic activity towards 
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both ORR and OER.141 Chen et al. reported large-sized two-dimensional phosphorus-

doped carbon nanosheets with tunable porosity and high specific surface area, which was 

an efficient bifunctional catalyst for both ORR and OER. The rechargeable Zn-air battery 

using this material as air electrode achieved superior stability over 1000 cycles relative to 

batteries with commercial Pt/C and Ir/C catalysts.144 Li et al. also successfully synthesized 

defect-rich and ultrathin N-doped carbon nanosheets by simply pyrolyzing the mixture of 

citric acid and NH4Cl. The nanosheets possessed a high specific surface area of 1793 m2 

g-1 and rich edge defects, serving as an advanced trifunctional catalyst for ORR, OER and

HER. When employing this N-doped carbon as air electrode in a rechargeable Zn-air 

battery, a low charge/discharge voltage gap of 0.77 V, a high energy density of 806 Wh 

kg-1 and an ultralong cycle life over 330 h were achieved.145 



74 

 

1.6 Manganese-Oxides-Based Supercapacitor Electrodes 

Supercapacitors, also known as electrochemical capacitors, represent an emerging 

electrochemical energy storage technology with high power density, rapid 

charging/discharging rate, long cyclic stability and relatively safe operation.146-148 

Supercapacitors have triggered growing research interest as they can bridge the power 

gap between batteries and conventional dielectric capacitors, delivering higher power 

than batteries and storing more energy than capacitors, as illustrated in the Ragone plot 

(energy density vs. power density, Figure 1-40).148 Supercapacitors can be classified into 

two types based on the charge storage mechanism. One type is electrochemical double-

layer capacitors (EDLCs) that store charge through (1) an electrode-potential-dependent 

accumulation of electrostatic charge at the solid-electrolyte interface and (2) ion 

adsorption from the electrolyte. Another is pseudocapacitors (or Faradaic supercapacitors) 

which store charge via fast and reversible redox reactions (Faradaic reactions) on the 

electrode materials. In recent years, nanostructured porous carbon with high surface area 

has been widely employed as EDLC electrode materials, while transition metal 

oxides/hydroxides or conductive polymers have been studied as electrode materials for 

pseudocapacitors because of their higher specific capacitance than carbon materials.28 

The charge storage of current Li-ion batteries mainly depends on the intercalation/de-

intercalation of Li+ ions within the crystalline structure of electrode materials and thus 

sluggish ion diffusion can significantly restrain the charge/discharge rate and the power 

density of Li-ion batteries. In contrast, supercapacitors store charge based on the surface 

reactions on electrode materials without ion diffusion in the bulk materials, and thus can 

ensure fast charge/discharge rates and deliver high power densities.147 However, the 

energy density of supercapacitors is still much lower than those of batteries (Figure 1-

40).  
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Figure 1-40. Ragone plot illustrating the performance of specific power vs specific 

energy for different electrical energy-storage technologies. Times shown in the plot are 

the discharge time, obtained by dividing the energy density by the power density.148 

Power density (P, W kg-1) and energy density (E, Wh kg-1) are two important 

parameters for evaluating the electrochemical performance of supercapacitors, terms 

which can be calculated using Equation (15) and Equation (16) below: 

P = V2 / 4R (15) 

E = CV2 / 2 (16) 

where V (V) is the cell operating voltage, R is the equivalent series resistance (Ω), and C 

(F) is the total capacitance of the cell. Based on Equation (16), to improve the energy

density of supercapacitors, one approach is to increase the capacitance of positive and 

negative electrodes by designing and developing advanced nanostructured electrode 

materials. On the other hand, the challenge of low energy density can be addressed by 
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constructing asymmetric supercapacitors, which can take full advantage of the different 

potential windows of the anode and cathode to maximize the operating voltage.31,148 

Asymmetric supercapacitors can utilize one electrode to store charge via a battery-type 

Faradaic process and another electrode to store charge based on a capacitive mechanism. 

A properly designed asymmetric supercapacitor holds the potential for achieving high 

energy density without sacrificing power density and cycling stability. 

Manganese oxides (MnO2) have emerged as one of the most appealing positive 

electrode materials since an early report by Lee and Goodenough in 1999.149 Their 

advantages include high theoretical specific capacitance, from 1100 to 1300 F g-1, low 

cost, and lack of environmental toxicity.28 The capacitance of MnO2 mainly comes from 

pseudocapacitance involving reversible redox transitions, and two mechanisms were 

proposed to explain the charge storage behavior. Both charge storage mechanisms in 

MnO2 contain the reversible redox transition between Mn(IV) and Mn(III).146 The first 

mechanism relies on the surface adsorption of electrolyte cations (C+ = H+, Li+, Na+ and 

K+), as shown below: 

(MnO2)surface + C+ + e- ↔ (MnOOC)surface        (17) 

The second mechanism is based on the intercalation of electrolyte cations upon 

reduction in the bulk, followed by deintercalation upon oxidation as shown below: 

MnO2 + C+ +e- ↔ MnOOC                   (18) 

The pseudocapacitance of MnO2 can be affected by the crystal structures, including α, 

β, γ and δ phases. α-, β- and γ-MnO2 all have a tunnel structure, while δ-MnO2 has a two-

dimensional layered structure, which can facilitate cation intercalation/deintercalation 

with little structural rearrangement.28 The morphology of MnO2 also plays a determining 

role in the electrochemical performance. Generally, nanostructured MnO2 with high 
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specific surface area and a porous structure exhibits high pseudocapacitance. High 

specific surface area can provide more active sites for redox reactions, and a porous 

structure can offer more channels for electrolyte mass transport. For example, a 

hierarchical porous nanostructure assembled from ultrathin MnO2 nanoflakes has been 

reported with high specific area and a uniform pore size distribution, exhibiting a high 

specific capacitance of 328 F g-1 and good cycling stability.150  

Although MnO2 is considered one of the most promising pseudocapacitive materials, 

its intrinsically poor conductivity (10-5-10-6 S cm-1) prevents researchers from achieving 

higher performance. One feasible method to improve the conductivity of MnO2-based 

electrode is to combine MnO2 with other conductive materials (e.g. conductive current 

collectors, carbon or polymers). For instance, an asymmetric supercapacitor has been 

fabricated using vertically aligned MnO2 nanoplates on Ni foam as positive electrode and 

graphene hydrogel as negative electrode.151 This  supercapacitor exhibited high energy 

and power densities in a wide potential window of 0-2.0 V. Li et al. prepared three-

dimensional porous graphene/MnO2 nanorods and graphene/Ag hybrid thin-film 

electrodes and used them as positive and negative electrodes for an high-performance 

asymmetric supercapacitor.152  
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1.7 Common Strategies for Electrode Preparation 

High-performance electrodes play a key role in energy storage and conversion 

applications. Normally, an electrode is composed of a current collector (e.g. nickel foam, 

stainless steel and carbon cloth) and supported active materials. Current research mainly 

focuses on developing highly active materials based on earth-abundant elements. At the 

same time, for large-scale application, another important cost factor is the complexity of 

the electrode fabrication process, a factor which has long been ignored. Here, we 

summarize the commonly adopted strategies for the construction of electrode systems.  

1.7.1 Direct Coating and Sputtering 

At present, most of the reported active materials for energy storage and conversion are 

powders, and direct coating or sputtering as-prepared electrocatalysts onto the current 

collector has been widely adopted.116,121,153-161 For example, Dai et al. reported the 

synthesis of ultrathin nickel-iron layered double hydroxide (NiFe-LDH) nano-plates on 

mildly oxidized multiwalled carbon nanotubes (CNTs).116 A catalyst ink was made by 

mixing the resulting NiFe-LDH/CNT complex, water, ethanol and 5 wt % Nafion solution 

and loaded the mixture onto a glassy carbon electrode. The as-prepared electrode 

exhibited higher electrocatalytic activity and stability for oxygen evolution than 

commercial, precious metal Ir catalysts. Hu’s group applied liquid phase exfoliation to 

enhance the oxygen evolution activity of layered double hydroxides.121 The colloids of 

exfoliated LDH nanosheets were directly drop-cast on a glassy carbon disk electrode and 

Ni foam. The electrochemical tests demonstrated that the exfoliated single-layer 

nanosheets exhibited significantly higher oxygen evolution activity in alkaline conditions 

than the corresponding bulk layered double hydroxides, and the nanosheets from nickel 

iron and nickel cobalt layered double hydroxides outperformed a commercial iridium 
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dioxide catalyst in both activity and stability. Zhang et al. developed a room-temperature 

synthesis to produce gelled FeCoW oxyhydroxides with an atomically homogeneous 

metal distribution, which, when loaded on a Ni foam, exhibited the lowest overpotential 

(191 mV) reported at 10 mA cm-1 in alkaline electrolyte.160 

However, the difficulty of the direct coating or sputtering method lies in the uniform 

coating of electrocatalyst on an irregular surface. The weak physical contact between the 

electrocatalyst and substrate can lead to significant electronic contact resistance. Direct 

coating or sputtering often relies on the aid of polymeric binders. The utilization of 

electrical insulating binders can decrease the contact area between electrolyte and 

catalytic active sites and deteriorate the electrical conductivity of the electrode, leading 

to reduced electrocatalytic performances. Generally, the stability of the electrode is also 

relatively poor with direct coating, and high current density and vigorous gas evolution 

may cause the detachment of the coated layer.  
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1.7.2 In situ Growth Strategies 

In situ growth of active materials on current collectors using, for example, a 

hydrothermal method69,162-167 or electrodeposition64,66,168-172 is advantageous for 

achieving homogeneous growth of an electrocatalyst layer with good bonding, even on 

irregular surfaces. 

The hydrothermal method is one of the most important techniques for Adv. Mater. 

processing. It not only helps in synthesizing monodisperse and highly homogeneous 

nanoparticles, but it can be used to prepare nano-hybrid and nanocomposite materials.173-

175 A hydrothermal process contains heterogeneous reaction(s) in the aqueous solvents 

under high pressure and temperature conditions to produce materials that are relatively 

insoluble under ordinary conditions. The hydrothermal technique offers a unique method 

for coating various advanced nanomaterials on different substrates. 

Zhang’s group reported a one-step hydrothermal reaction for the synthesis of Ni(OH)2 

nanosheets coated onto single-crystal Ni3S2 nanorods.166 The nanorods were grown on 

the surface of a three-dimensional graphene network on nickel foam. The nickel foam 

was an excellent template for the synthesis of graphene-based composite electrodes for 

use in supercapacitors. Detailed electrochemical characterization showed that the 

synthesized Ni3S2@Ni(OH)2/3DGN exhibited high specific capacitance (1277 F g-1 at 2 

mV s-1 and 1037.5 F g-1 at 5.1 A g-1) and areal capacitance (4.7 F cm-2 at 2 mV s-1 and 

3.85 F cm-2 at 19.1 mA cm-2) with good cycling performance (99.1% capacitance 

retention after 2000 cycles). Fan et al. prepared monolayered Ni0.75V0.25-LDH by a simple 

one-step hydrothermal method (Fig. 3-3); the material showed high catalytic activity for 

the water oxidation reaction, comparable to the best-performing NiFe-LDHs.69 The high 

intrinsic catalytic activity of Ni0.75V0.25-LDH was mainly due to the good conductivity, 
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facile electron transfer and abundant active sites in the nanolayers of Ni0.75V0.25-LDH. 

Gratzel’s group described a highly efficient and low-cost water-splitting cell combining 

a state-of-the-art solution-processed perovskite tandem solar cell and a hydrothermally 

grown, bifunctional NiFe-LDH catalyst electrode.85 This exhibited high activity toward 

both the oxygen and hydrogen evolution reactions in alkaline electrolyte. The 

combination of the perovskite tandem solar cell and NiFe-LDH catalyst electrode yielded 

a water-splitting photocurrent density of around 10 mA cm-1, corresponding to a solar-to-

hydrogen efficiency of 12.3%. 

Electrodeposition is an ideal method to fabricate individual components and integrated 

systems for multifunctional electrodes with uniform and intimate junctions.176-179 A broad 

range of materials and electrodes can be prepared by electrochemical synthesis and used 

in different energy storage and conversion areas. The solution-based Nature allows for 

easy manipulation of various synthetic variables (e.g., pH, additives, types of solvents, 

temperature) which have a significant effect on materials’ morphologies (e.g., surface 

areas, nanostructures, orientations). Materials can grow directly from a conducting 

substrate even on complex irregular surfaces, and the thickness of the films can be easily 

controlled by adjusting deposition potential and current.  

Due to these advantages, many recent innovations in the development of electrodes for 

various applications have been achieved by electrodeposition. Louie and Bell have 

conducted a detailed investigation of the structure and electrochemical activity of 

electrodeposited Ni-Fe films for the oxygen evolution reaction (OER) in alkaline 

electrolytes.169 Ni-Fe films with a bulk and surface composition of 40% Fe exhibit OER 

activities that are roughly 2 orders of magnitude higher than that of a freshly deposited 

Ni film and about 3 orders of magnitude higher than that of an Fe film. Characterizations 

suggested that the OER was catalyzed by Ni in Ni-Fe films and that the presence of Fe 
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altered the redox properties of Ni, causing a positive shift in the potential at which 

Ni(OH)2/NiOOH redox occurs, a decrease in the average oxidation state of the Ni sites, 

and a concurrent increase in the activity of Ni cations for the OER. Lu and Zhao also 

developed an efficient oxygen electrode by electrodepositing amorphous mesoporous 

nickel-iron composite nanosheets directly onto macroporous nickel foam substrates.64 

The as-prepared oxygen electrode exhibited high catalytic activity towards water 

oxidation in alkaline solutions, only requiring an overpotential of 200 mV to initiate the 

reaction. It was capable of delivering current densities of 500 and 1,000 mA cm-2 at 

overpotentials of 240 and 270 mV, respectively. Jaramillo’s group reported a significant 

enhancement of the OER activity of electrodeposited NiOx films resulting from the 

combined effects of using cerium as a dopant and gold as a metal support.168 This NiCeOx-

Au catalyst delivered high OER activity in alkaline media and was among the most active 

OER electrocatalysts reported at the time. On the basis of experimental observations and 

theoretical modelling, the authors ascribed the activity to a combination of electronic, 

geometric and support effects, where highly active under-coordinated sites at the oxide 

support interface were modified by the local chemical binding environment and by doping 

the host Ni oxide with Ce.  

Apart from the hydrothermal method and electrodeposition, there are other in situ 

growth strategies,180-183 which usually include more sophisticated processes. For instance, 

Qiao’s group prepared hybrid porous nanowire arrays composed of strongly interacting 

Co3O4 and carbon by the first step of growing metal-organic framework (MOF) on Cu 

foil and the second carbonization step.183 The resulting electrode not only exhibited better 

oxygen evolution activity and stronger durability in comparison to most of the highly 

active noble-metal/transition-metal and nonmetal catalysts reported to date but also 

efficiently catalyzed the reverse oxygen reduction reaction (ORR). 
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Figure 1-41. Fabrication process of FeOOH/Co/FeOOH-NF electrocatalysts.180 

Li’s group developed FeOOH/Co/FeOOH hybrid nanotube arrays (HNTAs) supported 

on Ni foams for OER.180 The synthetic process is shown in Figure 1-41. ZnO nanorod 

arrays (NRAs) were firstly prepared on Ni foam by galvanostatic electrolysis and the Co 

layer was then coated on the surfaces of ZnO NRAs-NF to form Co@ZnO NRAs-NF by 

electrodeposition, followed by immersion in 1.0 M NaOH solution to remove ZnO NRAs. 

FeOOH layers were then electrodeposited on the inner and outer surfaces of Co NTAs 

and accordingly the FeOOH/Co/FeOOH hybrid nanotube arrays (HNTAs)-NF were 

fabricated. The inner Co metal cores serve as highly conductive layers to provide reliable 

electronic transmission which can overcome the poor electrical conductivity of FeOOH. 

The FeOOH/Co/FeOOH HNTAs exhibited high electrocatalytic performance for OER in 
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alkaline solution, exhibiting low onset potential, small Tafel slope, and excellent long-

term durability. Zhang et al. prepared homologous Co-Ni-based nanotube/nanosheet 

structures with tunable Co/Ni ratios.182 This incorporated hydroxides and nitrides on 

conductive substrates by a cation-exchanging method to grow the hydroxides, followed 

by anion exchange to obtain corresponding nitrides. These hydroxide OER catalysts and 

nitride HER catalysts exhibited low overpotentials, small Tafel slopes, and high current 

densities.  

Although advantageous for achieving homogenous growth of an electrocatalyst layer 

with good bonding, the current in situ growth methods (hydrothermal method and 

electrodeposition) either require complex precursor solutions or harsh synthesis 

conditions (e.g., high temperature, additional electricity input or sophisticated processes). 

These inevitably increase the cost for large-scale applications. Therefore, a significant 

challenge remains to developing a simple method for cost-effective construction of high-

performance electrodes based on earth-abundant materials. 
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1.8 Content and Structure of the Thesis 

This thesis contains six chapters: a general introduction and background (Chapter 1), 

four experimental data chapters (Chapters 2-5) and a concluding chapter (Chapter 6). The 

results chapters (Chapters 2-5) are in the form of PDFs of manuscripts which are already 

published or are in preparation for submission to peer-reviewed journals. This thesis has 

been prepared in accordance with the Griffith University policy on preparing a PhD thesis 

as a series of published and unpublished papers (see the policy in the section “All papers 

included are co-authored”).  

This thesis focuses on developing facile and cost-effective strategies to prepare high-

performance nanostructured electrode materials for energy conversion and storage. 

Electrodes are developed for the hydrogen evolution reaction, oxygen evolution reaction, 

and oxygen reduction reaction, with applications in zinc-air batteries and supercapacitors. 

In Chapter 1, the introduction and background of this PhD thesis project have been 

reviewed based on the current literature.  

In Chapter 2-5, a series of synthetic strategies are developed for advanced electrode 

materials for various energy conversion and storage applications. Specifically, in 

Chapter 2, the activity of nickel foam towards the oxygen evolution reaction is enhanced 

remarkably through simple immersion in a ferric nitrate solution at room temperature. In 

Chapter 3, a two-step method, mild acid oxidation followed by air calcination, directly 

activate carbon cloth to generate uniform, nanoporous and super-hydrophilic surface 

structures with optimized oxygen-rich functional groups and a dramatically enhanced 

surface area. The electrode exhibits excellent bifunctional oxygen evolution 

electrocatalytic activity and durability. In Chapter 4, a reactor engineering strategy for 

scalable and reproducible production of nanostructured materials on nickel foam 
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substrates is proposed for cost-effective construction of large-scale uniform electrode 

materials. The synthesized nickel-iron hydroxides/nickel foam electrodes exhibit 

uniformity in terms of their microstructure and remarkable electrochemical properties. In 

Chapter 5, manganese oxides are transformed from orthorhombic to birnessite via a 

facile strategy, leading to significantly enhanced electrochemical performance as 

supercapacitor electrodes. 

Chapter 6 provides a summary of the major contributions of this thesis and 

opportunities for future research. 
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Chapter 2 Remarkably Enhanced Water Splitting 

Activity of Nickel Foam Due to Simple Immersion in a 

Ferric Nitrate Solution 

Nickel foam has been widely employed as current collector in the fields of energy 

conversion and storage based on electrochemical processes, especially for alkaline water 

electrolysis, due to its distinct advantages such as high conductivity, superior stability in 

alkaline solutions, and appropriate open-pore structures for bubble detachment. However, 

it still remains a significant challenge to develop a facile method for one-pot construction 

of high-performance electrodes based on earth-abundant materials. In this chapter, we 

adopt a room temperature, electroless method, that is simply immersing nickel foam in 

ferric nitrate (Fe(NO3)3) solution at room temperature, to in situ grow nickel-iron 

hydroxides on nickel foam. The electrocatalytic activity of nickel foam has been found 

remarkably enhanced towards oxygen evolution reaction (OER). By using this immersion 

method at room temperature, we successfully realize the facile and cost-effective 

fabrication of high-performance nickel-foam-based OER electrodes for alkaline water 

electrolysis.  
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 ABSTRACT 

The development of a facile method to construct a high-performance electrode 

is of paramount importance to the application of alkaline water electrolysis.

Here, we report that the activity of nickel foam (NF) towards the oxygen evolution

reaction (OER) can be enhanced remarkably through simple immersion in a

ferric nitrate (Fe(NO3)3) solution at room temperature. During this immersion

process, the oxidation of the NF surface by NO3
− ions increases the near-surface 

concentrations of OH− and Ni2+, which results in the in situ deposition of a 

highly active amorphous Ni-Fe hydroxide (a-NiFeOxHy) layer. Specifically, the 

OER overpotential of the NF electrode decreases from 371 mV (bare NF) to 

270 mV (@10 mA·cm−2 in 0.1 M KOH) after immersion in a 20 mM Fe(NO3)3

solution for just 1 min. A longer immersion time results in further increased

OER activity (196 mV@10 mA·cm−2 in 1 M KOH). The overall water splitting 

properties of the a-NiFeOxHy@NF electrode were evaluated using a two-electrode

configuration. It is worth noting that the current density can reach 25 mA·cm−2

in 6 M KOH at an applied voltage of 1.5 V at room temperature. 

1 Introduction 

With advantages including an abundance of reactants, 

high manufacturing safety, and stable output, alkaline 

water electrolysis (AWE) has been used in industrial 

hydrogen production for decades and is now attracting 

much interest for large-scale energy storage [1–6]. 

The major bottleneck of AWE is its slow electrode 

reaction kinetics, particularly for the anodic oxygen 

evolution reaction (OER), which account for its low 

energy efficiency, high working cell voltage (1.8–2.2 V), 

and relatively high operation temperature (70–80 °C) 

[1, 7–11]. Therefore, a low-cost, efficient, and robust 

AWE electrode system is highly desirable. An AWE 

electrode is composed of a current collector (e.g., nickel 

foam, stainless steel, or carbon cloth) and supported 
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electrocatalysts for the anodic OER or cathodic 

hydrogen evolution reaction (HER). To achieve the 

above goal, current strategies mainly focus on 

developing highly active electrocatalysts based on 

earth-abundant materials to eliminate the use of precious 

metals (e.g., Ir, Pt, or Ru) [12–19]. For large-scale 

application of AWE, another important factor in the 

cost is the complicated fabrication processes of the 

electrodes, which has long been ignored. Currently, 

two strategies are utilized to construct AWE electrode 

systems: (1) direct coating or sputtering of as-prepared 

electrocatalysts onto the current collector [9, 10, 20–29] 

and (2) in situ growth of an electrocatalyst layer through 

electrodeposition [30–36], hydrothermal methods 

[37–42], or other sophisticated treatments [43–46]. 

The difficulty with the first strategy lies in the uniform 

coating of an electrocatalyst on an irregular surface. 

Also, weak physical contact between the electrocatalyst 

and substrate can lead to significant electronic transfer 

resistance, and vigorous gas evolution may cause 

the detachment of the coated layer [1]. The second 

strategy is advantageous for achieving homogeneous 

growth of an electrocatalyst layer with a very tight 

binder, even on an irregular surface. However, the 

current in situ growth methods require either a complex 

precursor solution or harsh synthesis conditions (e.g., 

high temperature, additional electricity input, or 

sophisticated processes) [20–46]. Therefore, the deve-

lopment of a simple method for one-pot construction 

of a high-performance AWE electrode based on earth- 

abundant materials remains a significant challenge.  

For this purpose, we believe that the key is to find 

a room-temperature electroless method to grow a 

highly active electrocatalyst on the current collector 

in situ. Nickel foam (NF) possesses several distinct 

advantages for AWE current collectors such as high 

conductivity, superior stability in alkaline solutions, 

and appropriate open-pore structures for bubble 

detachment. Currently, most literature emphasizes the 

development of a highly active OER electrocatalyst, 

and NF is utilized only as an inert porous support. 

Several Ni-based materials, such as Ni-Fe hydroxide/ 

oxide, prepared through various chemical methods 

have been demonstrated to show superior OER activity 

[23, 32–35, 47–53]. The abovementioned two strategies 

were also used for the construction of NF-based AWE 

electrodes. For instance, an AWE electrode fabricated 

by coating as-prepared Fe-Co-W oxyhydroxide onto 

gold-coated NF was reported to show high OER 

activity with an overpotential of 191 mV (@10 mA·cm−2 

in 1 M KOH) [10]. Cathodic electrodeposition of Ni-Fe 

hydroxide on NF was based on the increase of 

near-surface pH caused by electrochemical reduction 

of NO3
− ions (NO3

− + 2H+ + 2e− → NO2
− + H2O) [35]. 

For the hydrothermal method, the metal hydroxide/ 

oxide growth was achieved by increasing the solution 

pH through thermal decomposition of urea or 

hexamethylenetetramine at a high temperature [37–42]. 

However, an important overlooked fact is that nickel 

(Ni0) is a relatively active element (Ni0 − 2e− → Ni2+; 

E° = −0.257 V) [54]. The NF surface will be oxidized 

spontaneously when immersed in a solution that 

contains oxidants (e.g., H+, Fe3+, NO3
−, or dissolved 

oxygen), and this may alter the near-surface chemical 

environment (pH or concentrations of metal ions). 

Similar to the rusting of an iron surface, it is reasonable 

to suppose that a highly active electrocatalyst can be 

deposited on NF in situ through room-temperature 

immersion by utilizing this reductive property. 

In this work, we report the remarkable enhancement 

of the OER activity of NF caused by simple immersion 

in a ferric nitrate (Fe(NO3)3) solution at room tem-

perature. Specifically, we found that the OER 

overpotential of the NF electrode decreased from  

371 to 270 mV (@10 mA·cm−2 in 0.1 M KOH) after 

immersion in a 20 mM Fe(NO3)3 solution for just 

1 min. A longer immersion time resulted in the in situ 

deposition of a highly active amorphous Ni-Fe 

hydroxide (a-NiFeOxHy) layer with increased OER 

activity (e.g., 196 mV@10 mA·cm−2 in 1 M KOH). By 

using this simple immersion method, we successfully 

realized the one-pot and cost-effective construction 

of a high-performance NF-based OER electrode 

(a-NiFeOxHy@NF). 

2 Experimental 

2.1 Preparation of NF electrodes via immersion in 

different solutions 

A 2 cm × 4 cm NF sheet (thickness of 1.5 mm, areal 

density of 380 ± 20 g·m−2, 110 pores per inch (PPI)) was 
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sonicated in 2 M HCl for 10 min, rinsed with water 

and ethanol, and dried in air. Subsequently, the acid- 

cleaned NF sheet was fully immersed in 40 mL of a 

freshly prepared solution containing iron and/or nitrate 

(Fe(NO3)3, FeCl3, Fe2(SO4)3, FeCl2, FeSO4, or HNO3, 

refer to the main text for specific details) at room 

temperature (23 ± 2 °C) for a specific time (e.g., 1 min 

to 4 h). The reacted NF samples were subsequently 

rinsed with water and ethanol and dried in air. They 

were cut into 1 cm × 1 cm pieces to be used as OER 

electrodes or for characterization. 

2.2 Characterization 

Scanning electron microscopy (SEM, JSM-7001F) and 

transmission electron microscopy (TEM, Philips Tecnai 

F20) were used to investigate the surface morphologies 

of the NF samples. The crystal structures of the samples 

were analyzed using X-ray diffraction (XRD, Bruker 

D8 Advance diffractometer equipped with a graphite 

monochromator) and Raman spectroscopy (Renishaw 

100, 632.8 nm He-Ne laser). The surface chemical states 

of the samples were analyzed using X-ray photoelectron 

spectroscopy (XPS, Kratos Axis ULTRA featuring a 

165 mm hemispherical electron energy analyzer). 

2.3 Electrochemical tests 

The OER activities of the NF electrodes were measured 

in a standard three-electrode system at room tem-

perature; a 1 cm × 1 cm NF electrode, a Hg/HgO 

(1.0 M NaOH) electrode, and platinum mesh acted as 

the working, reference, and counter electrode, res-

pectively. A potentiostat (CHI 760D, CH Instruments, 

USA) was utilized to record the electrochemical 

responses. All potentials displayed in this work were 

converted to the reversible hydrogen electrode (RHE) 

scale using Eq. (1) 

ERHE = EHg/HgO + 0.059 × pH + 0.098 (1) 

The polarization curves were corrected with 95% iR- 

compensation. The OER electrocatalytic stabilities of 

the NF electrodes were tested by using chronopo-

tentiometry at a current density of 50 mA·cm−2 for 24 h 

in 1 M KOH. AWE measurements were carried out 

at room temperature in a home-made two-electrode 

system with a-NiFeOxHy@NF as both the cathode and 

anode (a-NiFeOxHy@NF/a-NiFeOxHy@NF) and with 

a-NiFeOxHy@NF as the anode and NiMo@NF as the

cathode (a-NiFeOxHy@NF/NiMo@NF) in 1 and 6 M

KOH at room temperature. The a-NiFeOxHy@NF

electrode used in the two-electrode system was

fabricated via immersion in a 20 mM Fe(NO3)3 solution

for 1 h. The NiMo@NF cathode was fabricated according

to Ref. [36].

3 Results and discussion 

3.1 OER performance of NF after immersion in 

20 mM Fe(NO3)3 

In the typical reaction system, NF was immersed in a 

20 mM aqueous Fe(NO3)3 solution at room temperature 

in order to investigate the changes in both its OER 

activity and surface structure. It is noteworthy that 

the pH value of the 20 mM Fe(NO3)3 solution was 

only 2.0 owing to the hydrolysis of Fe3+ ions (Fig. S1 

in the Electronic Supplementary Material (ESM)) [55]. 

As the immersion time in the 20 mM Fe(NO3)3 solution 

increased from 1 min to 4 h, the NF gradually turned 

from grey to yellowish and finally to bright yellow 

(Fig. S2 in the ESM). This bright yellow appearance 

was also reported for Ni-Fe hydroxide grown on NF 

through electrodeposition [35, 56] or the hydrothermal 

method [57]. The OER performances of a bare NF 

electrode, NF electrodes after different immersion 

times (1 min to 4 h), and commercial Ir/C (20 wt.%) 

were evaluated in both 0.1 and 1 M KOH solutions 

(Fig. 1 and Fig. S3 in the ESM). Figure 1(a) shows 

that the OER overpotential of the NF electrode in 

0.1 M KOH as the electrolyte decreased to 270 mV 

(@10 mA·cm−2) after immersion for just 1 min; this 

was much lower than those of bare NF (370 mV) and 

Ir/C (340 mV). The OER overpotential in 0.1 M KOH 

decreased further and reached a minimum value 

of 230 mV after immersion for 1 h, and remained 

unchanged with prolonged immersion for up to 

4 h (Fig. 1(a) and Figs. S3(a) and S3(d) in the ESM). 

Figures 1(b) and 1(c) show that the OER overpo-

tentials of the NF electrode in 1 M KOH also 

decreased significantly to 239 mV (@10 mA·cm−2) and 

273 mV (@100 mA·cm−2) after immersion for 1 min. 

These values are much lower than those of bare NF 
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(319 mV@10 mA·cm−2; 372 mV@100 mA·cm−2) and Ir/C 

(278 mV@10 mA·cm−2; 480 mV@100 mA·cm−2). The OER 

overpotential in 1 M KOH decreased continually as the 

immersion time increased and reached approximately 

196 mV (@10 mA·cm−2) and 231 mV (@100 mA·cm−2) 

after immersion for 4 h. A graphical comparison of 

the overpotentials of the above OER electrodes is 

shown in Fig. 1(d), which clearly reveals that the OER 

activity of an NF electrode can be greatly enhanced 

by simply immersing it in an Fe(NO3)3 solution without 

any complicated process. Notably, the overpotential 

of 196 mV in 1 M KOH is close to that of a recently 

reported Fe-Co-W oxyhydroxide on gold-coated NF 

(191 mV) and lower than those of most other reported 

OER electrodes (Table S1 in the ESM). The Tafel plots 

of the above electrodes in both 0.1 and 1 M KOH are 

shown in Figs. 1(e) and 1(f). It is evident that the 

Tafel slopes for NF after immersion in an Fe(NO3)3 

solution are all smaller than those for the NF and 

benchmark Ir/C catalysts, further implying much 

faster OER kinetics. In addition to the OER activity, 

the durability of the NF electrode (immersed in a  

20 mM Fe(NO3)3 solution for 1 h as representative) 

was evaluated at a current density of 50 mA·cm−2 in 

1 M KOH. The corresponding chronopotentiometry 

curve (Fig. S4 in the ESM) did not show any appreciable 

increases in the working potential values over an 

extended testing time of up to 24 h. 

3.2 Surface changes of NF after immersion in 20 

mM Fe(NO3)3 

The structural and chemical changes of NF electrodes 

after immersion in 20 mM Fe(NO3)3 were examined 

using SEM, TEM, XRD, XPS, and Raman spectroscopy 

(Figs. 2 and 3, and Figs. S5–S12 in the ESM). The SEM 

images in Fig. 2(a) and Fig. S5 in the ESM show that 

the bare NF surface was initially quite smooth but was 

clearly etched after immersion in 20 mM Fe(NO3)3 for 

1 min (Fig. 2(c)). A thin layer was formed gradually 

on the NF surface after 5–10 min (Fig. 2(e) and Fig. S5 

in the ESM) and would become thicker over time. After 

immersion for 1 h, some petal-like nanostructures 

and cracks appeared (Fig. 2(g) and Fig. S6 in the ESM). 

The cross-section TEM images of the NF electrodes in 

Figure 1 (a)–(c) OER polarization curves of bare NF, NF after immersion in a 20 mM Fe(NO3)3 solution (1 min, 10 min, 1 h, and 4 h), 
and commercial Ir/C (20 wt.%) in O2-saturated (a) 0.1 M KOH and (b) and (c) 1 M KOH; the scan rates for the polarization curves were 
5 mV·s−1 in (a) and (c) and 1 mV·s−1 in (b). (d) Overpotential comparison at current densities of 10 mA·cm−2 in 0.1 and 1 M KOH and 
100 mA·cm−2 in 1 M KOH. (e) and (f) Tafel plots obtained in 0.1 and 1 M KOH. 
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Fig. 2 further show that an ultrathin layer (approx-

imately 5 nm) was formed after 1 min (Fig. 2(d)), grew 

thicker to approximately 50–100 nm after 10 min 

(Fig. 2(f)), and then grew to approximately 200 nm 

after 1 h (Fig. 2(h)). Furthermore, the XRD patterns 

(Fig. S7 in the ESM) show that these in situ grown 

patterned layers were amorphous. 

The surface elemental compositions and chemical 

states of the NF electrodes were verified by the XPS 

spectra (Fig. 3 and Figs. S8–S11 and Tables S2–S4 in 

the ESM). As shown in Fig. S8 in the ESM, the surface 

atomic percentages reveal that the Fe species could 

be deposited quickly onto the NF surface, and the 

Ni/Fe atomic ratio, incredibly, reached approximately 

2.0 after immersion for only 1 min. The fluctuation 

of the Ni/Fe atomic ratio during the first 30 min 

suggested that there was interplay of etching and 

deposition of Fe species. The Ni-to-Fe atomic ratio 

stabilized at 1.0 after 1 h, indicating that a thick uniform 

overlayer was formed, and this is in agreement with 

the SEM results. The high-resolution Ni 2p (Fig. 3(a) 

and Fig. S9 and Table S2 in the ESM), Fe 2p (Fig. 3(b) 

and Fig. S10 and Table S3 in the ESM), and O 1s (Fig. 3(c) 

and Fig. S11 and Table S4 in the ESM) XPS spectra 

show that after immersion in 20 mM Fe(NO3)3 for 

1 min, a broad Fe 2p3/2 envelope appeared with a large 

peak splitting of 8.4 eV from its satellite, confirming 

a high-spin Fe3+ state [58]. This broad Fe 2p3/2 envelope 

can be fitted into a surface peak at 714.6 eV, multiplets 

ranging from 714.1 to 710.2 eV, and a “pre-peak” at 

709.2 eV [59]. All of these peaks are consistent with 

those of Fe species in α-FeOOH (goethite) reported 

by McIntyre et al. [60] and Grosvenor et al. [58]. In the 

O 1s region, a new peak at around 529.5 eV can be 

assigned to oxygen ions (O2–) of –O–Fe bonds in FeOOH 

species [58, 60, 61]. The intensity of this oxygen peak 

is correlated to an increase in Fe content, which 

further confirms that it corresponds to the oxygen in 

the –O–Fe bond. The XPS spectra also show that after 

immersion for 5–10 min, the intensity of the Ni0 peak 

initially increased owing to etching of the NF surface 

by the Fe(NO3)3 solution to continuously expose the 

surface of fresh Ni0. Lastly, the spectra showed that 

after immersion for 1–4 h, the intensity of the Ni0 peak 

decreased gradually as the thickness of the attached 

layer increased over time. All of the Fe 2p spectra 

confirm that Fe species were in the +3 oxidation state 

and, together with our XRD results, suggest that 

the in situ grown layer should be amorphous Ni-Fe 

hydroxide (a-NiFeOxHy). These NF electrodes showed 

signs of a-NiFeOxHy Raman peaks after immersion 

for 30 min (Fig. 3(d) and Fig. S11 in the ESM). Specifically, 

a broad peak at 529 cm−1 can be attributed to the 

symmetric Ni–OH stretching mode, vibrations of the 

Figure 2 SEM and TEM images of (a) and (b) bare NF and NF after immersion in 20 mM Fe(NO3)3 at room temperature for (c) and
(d) 1 min, (e) and (f) 10 min, and (g) and (h) 1 h.
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Ni–O stretching mode, and modes associated with 

structural defects present in α-Ni(OH)2 [62] or amor-

phous Ni(OH)2 [63]. Another broad peak at 685 cm−1 

can be attributed to the amorphous or α-FeOOH [64]. 

Therefore, the above characterization data (SEM, TEM, 

XPS, and Raman) indicate the formation of a uniform 

a-NiFeOxHy layer on NF (a-NiFeOxHy@NF) after simple 

immersion in a 20 mM Fe(NO3)3 solution at room 

temperature. Also, there was an anodic shift in the 

Ni2+ → Ni3+,4+ oxidation peak, as shown in the cyclic 

voltammetry plots of the NF electrodes in 0.1 M KOH 

(Fig. 3(e)), and this reflects the incorporation of Ni2+ 

ions with Fe species in the a-NiFeOxHy layer [65]. In 

addition, the electrochemically active surface areas 

(ECSAs) of these electrodes (1 cm × 1 cm) were 56.8 

(bare NF), 68.0 (1 min), 66.4 (10 min), 65.1 (1 h), and 

69.4 (4 h) cm2 (Fig. S13 in the ESM). It is evident that 

the ECSAs of NF after immersion in 20 mM Fe(NO3)3 

are only slightly larger than that of bare NF. 

3.3 OER activity and surface changes of NF after 

immersion in 5, 50, and 375 mM Fe(NO3)3 

The variation trends in the OER activity of the NF 

electrode after immersion in Fe(NO3)3 solutions with 

different concentrations (5, 50, and 375 mM) were 

similar to that after immersion in the 20 mM solution 

(Fig. 4). The NF electrodes all exhibited enhanced 

OER activity after immersion for just 1 min. However, 

SEM images of these NF electrodes (Figs. S14–S16 in 

the ESM) reveal that the tightly attached a-NiFeOxHy 

layer could only be formed on the NF surface in 

Fe(NO3)3 solutions with the optimum concentrations 

(5 and 20 mM). In higher concentrations (50 and 

375 mM), the in situ formed a-NiFeOxHy layer des-

quamated from the NF surface with prolonged 

immersion (Figs. S15 and S16 in the ESM). Also, NF 

was completely dissolved in the 375 mM Fe(NO3)3 

solution after immersion for 24 h at room temperature. 

Another interesting observation was that the OER 

activity was greatly enhanced even in 5 mM Fe(NO3)3, 

as its concentration is much lower than that used in 

both electrochemical and hydrothermal methods for 

the deposition of Ni-Fe hydroxide/oxide on NF [33, 

35, 40, 45, 57]. As shown in Fig. S17 in the ESM, 

the Ni/Fe atomic ratio was approximately 4.7 after 

immersion for 1 min in 5 mM Fe(NO3)3 and decreased 

to approximately 1.3 over time. This shows that the 

Fe species can effectively react with the NF surface. 

The high-resolution XPS spectra of the Ni 2p (Fig. S18 

in the ESM), Fe 2p (Fig. S19 in the ESM), and O 1s 

(Fig. S20 in the ESM) regions confirmed that the in 

situ grown layer also was a-NiFeOxHy. 

3.4 Immersion of NF in other Fe-containing 

solutions at room temperature 

Other solutions, including FeCl3, Fe2(SO4)3, FeCl2, FeSO4, 

Figure 3 High-resolution XPS spectra of (a) Ni 2p region, (b) Fe 2p region, and (c) O 1s region; (d) Raman spectra; and (e) cyclic 
voltammetry (CV) curves obtained in 0.1 M KOH of bare NF and NF after immersion in 20 mM Fe(NO3)3 for 1 min, 10 min, and 1 h. 
The scan rate for the CV curves was 5 mV·s−1. 
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and HNO3 solutions, were employed to gain a better 

understanding of the reactivity of the NF surface 

(Fig. 5). As shown in Figs. 5(a) and 5(c), and Figs. S21– 

S23 in the ESM, the NF surfaces were gradually 

etched after immersion in 20 mM FeCl3 and Fe2(SO4)3 

solutions, without the natural in situ formation of a 

patterned layer. The surface atomic percentages of 

Ni/Fe after immersion in both solutions were much 

higher than those after immersion in Fe(NO3)3 (Fig. S27 

and S28 in the ESM). The OER overpotentials all 

decreased quickly after the NF electrode was immersed 

for 1 min (Figs. 5(b) and 5(d)), but the OER activities 

did not change much afterwards. As shown in Figs. 5(e) 

and 5(g) and Figs. S24 and S25 in the ESM, some 

irregular nanoparticles and nanosheets were formed 

on the NF surface after immersion in the 20 mM FeCl2 

and FeSO4 solutions for 1 h, respectively. The degree 

of etching was much lower than those with the ferric 

solutions. However, the OER overpotentials also 

decreased substantially after immersion for 1 min in 

the FeCl2 and FeSO4 solutions. Like with the FeCl3 and 

Fe2(SO4)3 solutions, the OER activity did not improve 

further after 1 min of immersion and even decreased 

with the above ferrous solutions (Figs. 5(f) and 5(h)). 

The corresponding XPS spectra (Figs. S29 and S30 in 

the ESM) revealed that the Ni/Fe atomic ratio could 

reach approximately 1.7 after immersion in 20 mM 

FeSO4 for just 1 min, which was lower than that after 

immersion in the Fe(NO3)3 solution. Neither the surface 

nor the OER activity changed much after immersion 

in 60 mM HNO3 (Figs. 5(i) and 5(j) and Fig. S26 in the 

ESM). In this HNO3 solution, the surface of the NF 

was passivated by a dense layer of nickel oxide that 

formed on it, as confirmed by the XPS spectra (Fig. S31 

in the ESM) [66, 67]. The above series of comparison 

experiments reveal the following: (1) The OER activities 

of all NF electrodes were enhanced after immersion 

in the above iron salt solutions for 1 min; (2) in ferric 

solutions such as FeCl3 and Fe2(SO4)3 solutions, the 

etching reaction was the dominant process and the 

Figure 4 (a) OER polarization curves of bare NF and NF after different immersion times in 5 mM Fe(NO3)3 (1 min to 4 h) obtained in 
0.1 M KOH and (b) the corresponding overpotential (@10 mA·cm−2) variations in 0.1 M KOH. (c) OER polarization curves of bare NF 
and NF after different immersion times in 50 mM Fe(NO3)3 (1 min to 4 h) obtained in 0.1 M KOH and (d) the corresponding 
overpotential (@10 mA·cm−2) variations in 0.1 M KOH. (e) OER polarization curves of bare NF and NF after different immersion times
in 375 mM Fe(NO3)3 (1 min to 4 h) obtained in 0.1 M KOH and (f) the corresponding overpotential (@10 mA·cm−2) variations in 0.1 M 
KOH. The scan rate for all polarization curves was 5 mV·s−1. 
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in situ formation of a thicker a-NiFeOxHy layer on the 

NF surface did not occur; (3) in ferrous solutions such 

as FeCl2 and FeSO4 solutions, both the etching and 

in situ growth processes were much slower; and (4) in 

the absence of Fe3+ ions, the NF surface would be 

passivated in a HNO3 solution. Figure 5(k) summarizes 

the overpotentials of bare NF and NF after immersion 

in the above solutions for 1 h, and it is evident that 

the best OER activity resulted from immersion in the 

20 mM Fe(NO3)3 solution. 

3.5 Understanding the surface changes of NF after 

immersion in Fe(NO3)3 

In 20 mM Fe(NO3)3, which is strongly acidic (pH = 

2.00), there are four possible oxidation pathways for 

the Ni0 surface (Ni0 − 2e− → Ni2+; E° = −0.257 V) 

NO3
− + 2H+ + 2e− → NO2

− + H2O   E1° = +0.934 V 

Fe3+ + e− → Fe2+        E2° = +0.771 V 

2H+ + 2e− → H2        E3° = 0.000 V 

O2 + 4H+ + 4e− → 2H2O       E4° = +1.23 V 

Based on the concentration and standard redox 

potential, we speculate that the reductive Ni0 surface 

will mainly be oxidized by NO3
− ions in the 20 mM 

Fe(NO3)3 solution. This reaction can increase the 

near-surface pH by consuming H+ ions and also 

release Ni2+ ions into the solution by oxidizing the Ni0 

surface, as illustrated in Fig. 6. In the first stage, the NF 

surface will be oxidized rapidly by NO3
− ions, releasing 

etched Ni2+ ions (stage 1 in Fig. 6). Oxidation of the NF 

Figure 5 (a) SEM image of NF after immersion in 20 mM FeCl3 for 1 h and (b) OER polarization curves of bare NF and NF after 
immersion in 20 mM FeCl3 (1 min, 10 min, 1 h) and 20 mM Fe(NO3)3 for 1 h; (c) and (d) 10 mM Fe2(SO4)3; (e) and (f) 20 mM FeCl2; 
(g) and (h) 20 mM FeSO4; (i) and (j) 60 mM HNO3. The scan rate for all of the above polarization curves was 5 mV·s−1. (k) Comparison
of overpotentials of bare NF and NF after immersion in Fe(NO3)3, Fe2(SO4)3, FeCl2, FeSO4, and HNO3 solutions for 1 h at current
densities of 10 mA·cm−2 in 0.1 M KOH and 100 mA·cm−2 in 1 M KOH.
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surface by Fe3+ ions is probable, but the fundamental 

difference with Fe3+ ions as the oxidant is that the 

oxidation only generates Fe2+ and Ni2+ ions but does 

not change the pH. In stage 2, with the increase of the 

near-surface pH, amorphous metal hydroxides will 

precipitate in situ and deposit on the NF surface. 

According to the solubility products (Ksp) of Fe(OH)3, 

Ni(OH)2, and Fe(OH)2 (2.79 × 10−39, 5.48 × 10−16, and 

5.48 × 10−17, respectively), Fe3+ ions should precipitate 

onto the NF surface first (a-FeOxHy) owing to its high 

initial concentration (20 mM) and lower Ksp. In stage 3, 

the reactions between the Ni0 surface and NO3
− ions 

will further increase the near-surface concentration of 

Ni2+ and the pH, and both Ni2+ and Fe3+ ions will be 

deposited onto the NF surface to form the a-NiFeOxHy 

layer. Owing to the amorphous, porous, and tiny 

cracked structure of this a-NiFeOxHy layer, NO3
− and 

H+ ions can diffuse across this layer to oxidize the 

inner Ni0 surface to promote the continuous growth 

of the a-NiFeOxHy layer. 

Based on our experimental data and suggested 

reaction mechanism, the superior OER activity of our 

a-NiFeOxHy@NF electrode can be attributed to several 

factors. First, this Ni-Fe hydroxide layer with a proper 

Ni/Fe ratio is an intrinsically highly active OER 

electrocatalyst. Though the synergistic mechanism 

and identity of the active sites are currently still debatable, 

Ni-Fe-hydroxide-based materials have been shown to 

be some of the most promising earth-abundant OER 

electrocatalysts [23, 33, 47–53]. Secondly, the a-NiFeOxHy 

layer can expose more active sites because of its 

amorphous state, and this can further enhance the 

OER activity [9, 10, 24]. Thirdly, this a-NiFeOxHy layer 

is ion permeable, which can be beneficial since it leads 

to efficient contact between active sites and OH− ions 

[68, 69]. The thickness and ion permeability of the 

electrocatalyst layer are also important factors for the  

performance of an AWE electrode. This in situ formed 

amorphous layer should be very different from 

electrocatalyst layers composed of a metal hydroxide/ 

oxide with high crystallinity and weak ion permeability 

prepared using a hydrothermal method. 

In addition to leading to the achievement of the 

optimal catalyst, our finding is significant for the 

following reasons. This immersion method is the 

simplest way to prepare high-performance OER 

electrodes, and will, primarily, reduce the overall cost 

for AWE technology. The second reason is that our 

results can help to identify the OER active species of 

NF-based electrodes prepared using electrochemical 

and hydrothermal methods, and also help to prevent 

over-designing the nano/microstructure of the OER 

electrocatalyst layer on the NF surface. One obvious 

example is that the solution for in situ growth of the 

Ni-Fe hydroxide on NF via the hydrothermal method 

often contains 5–50 mM Fe(NO3)3. The reaction tem-

perature may range from 120 to 160 °C and the reaction 

can take 12 to 24 h. According to our finding, in such a 

strong corrosive solution, the NF surface will change 

rapidly. The third reason is that the core concept of 

this method is the connection of corrosion science with 

the synthesis of electrochemically active materials. 

Usually, the corrosion process can be avoided. Our 

finding reveals that methods involving controllable 

surface corrosion should be promising for the pre-

paration of active materials on electrodes [70, 71]. 

3.6 Evaluation of a-NiFeOxHy@NF electrode in an 

alkaline water electrolysis set-up 

As a proof of concept, the overall water splitting 

properties of the a-NiFeOxHy@NF electrode were 

evaluated using a two-electrode configuration. As 

shown in Fig. 7, a home-made water electrolyzer was 

 

Figure 6 Illustration of surface reaction process of NF after immersion in 20 mM Fe(NO3)3 at room temperature. 
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tested by using the a-NiFeOxHy@NF electrode as 

both the anode and cathode (a-NiFeOxHy@NF/ 

a-NiFeOxHy@NF) and by using a NiMo@NF electrode

as the cathode (a-NiFeOxHy@NF/NiMo@NF). For

the symmetrical electrode system (a-NiFeOxHy@NF/

a-NiFeOxHy@NF), the registered voltages at a current

density of 50 mA·cm−2 were 1.77 V in 1 M KOH (Fig. 7(a)) 

and 1.68 V in 6 M KOH (Fig. 7(b)). When the cathode 

with the higher HER activity (NiMo@NF) was used [36], 

the electrolysis efficiency was enhanced further to 

1.60 V in 1 M KOH and 1.55 V in 6 M KOH. It is worth 

noting that the current density can reach 25 mA·cm−2 

when the applied voltage is 1.5 V and could be supplied 

by a single-cell AA battery with a voltage of 1.5 V 

(Movie S1 in the ESM). 

4 Conclusion 

In summary, the OER activity of NF can be greatly 

enhanced via simple immersion in an Fe(NO3)3 solution 

at room temperature. During this immersion process, 

the oxidation of the NF surface by NO3
− ions can 

increase the near-surface concentrations of OH− and 

Ni2+, which results in the in situ deposition of a highly 

active amorphous Ni-Fe hydroxide (a-NiFeOxHy) layer. 

In alkaline electrolytes, this NiFeOxHy@NF showed 

very low OER overpotentials (e.g., 196 mV@10 mA·cm−2 

in 1 M KOH) with enhanced durability. This facile, 

one-step, and cost-effective immersion approach can be 

easily applied in industry for large-scale production 

and should have high applicability towards the pre-

paration of other active materials (e.g., metal oxides/ 

hydroxides, metal sulfides, or composite materials) 

on surfaces of metal electrodes (e.g., Ni, Co, Fe, Cu, or 

their alloys). This simple immersion synthesis process 

can also be applied in other areas such as energy 

storage and conversion. 
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Figure S2 Photograph of bare nickel foam (NF), and NF after immersion in 20 mM Fe(NO3)3 solution at room temperature with different 
time (1 min to 4 h).  
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Figure S3 (a-c) The OER polarization curves of bare NF, and NF with different immersion time in 20 mM Fe(NO3)3 solution (1 min 
to 4 h), and commercial Ir/C (20 wt.%) in (a) 0.1 M KOH  and (b, c) 1 M KOH; the scan rate of polarization curves in (a, c) is 5 mV s-1, 
and (b) is 1 mV s-1; (d-f) Overpotentials variation of above test OER electrodes at the current density of 10 mA cm-2 in (d) 0.1 M and 
(e) 1 M KOH, and (f) 100 mA cm-2 in 1 M KOH, respectively.

Figure S4 Chronopotentiometry curves of bare NF and NF electrode after immersion in 20 mM Fe(NO3)3 solution for 1 h (NF-20 mM 
Fe(NO3)3-1 h) at a constant current density of 50 mA cm-2 in 1 M KOH. 
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Figure S5 SEM images with different magnification of NF and NF after immersion in 20 mM Fe(NO3)3 at room temperature from 
1 min to 20 min: (a-c) bare NF; (d-f) 1 min; (g-i) 5 min; (j-l) 10 min; (m-o) 20 min. 

Figure S6 SEM images with different magnification of NF and NF after immersion in 20 mM Fe(NO3)3 at room temperature from 
30 min to 4 h: (a-c) 30 min; (d-f) 1 h; (g-i) 2 h; (j-l) 4 h.  
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Figure S7 XRD patterns of (a) bare NF, and NF after immersion in 20 mM Fe(NO3)3 solution for (b) 1 min; (c) 5 min; (d) 10 min;  
(e) 20 min; (f) 30 min; (g) 1 h; (h) 2 h; and (i) 4 h.  

 

 

Figure S8 (a) Atomic percentage of Ni and Fe species on the surface of the bare NF and NF after immersion in 20 mM Fe(NO3)3 
solution from 1 min to 4 h; (b) atomic ratio of Ni to Fe on the surface of NF after immersion in 20 mM Fe(NO3)3 solution from 1 min to 4 h. 
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Figure S9 High-resolution XPS spectra of the Ni 2p region of (a) bare NF, and NF after immersion in 20 mM Fe(NO3)3 solution for 
(b) 1 min, (c) 5 min, (d) 10 min, (e) 20 min, (f) 30 min, (g) 1 h, (h) 2 h and (i) 4 h.

Figure S10 High-resolution XPS spectra of the Fe 2p region of (a) bare NF, and NF after immersion in 20 mM Fe(NO3)3 solution for 
(b) 1 min, (c) 5 min, (d) 10 min, (e) 20 min, (f) 30 min, (g) 1 h, (h) 2 h and (i) 4 h.

127



| www.editorialmanager.com/nare/default.asp 

Nano Res.

Figure S11 High-resolution XPS spectra of the O 1s region of (a) bare NF, and NF after immersion in 20 mM Fe(NO3)3 solution for 
(b) 1 min, (c) 5 min, (d) 10 min, (e) 20 min, (f) 30 min, (g) 1 h, (h) 2 h and (i) 4 h.

Figure S12 Raman spectra of (a) bare NF, and NF after immersion in 20 mM Fe(NO3)3 solution for (b) 1 min, (c) 5 min, (d) 10 min, 
(e) 20 min, (f) 30 min, (g) 1 h, (h) 2 h and (i) 4 h.
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Figure S13 (a-e) Cyclic voltammograms in 1 M KOH solution measured in the non-Faradaic potential range of 0.10 V to 0.20 V at 
scan rates of 5, 10, 20, 50, 100, 200 mV s-1, respectively. (f) Charging current density differences (Δj = ja - jc) plotted against scan rates 
for bare NF and NF after immersion in 20 mM Fe(NO3)3 solution for 1 min, 10 min, 1 h and 4 h, respectively.  

This ECSA parameter should be more precise to describe the surface change of NF-based OER electrode. Cyclic 

voltammetry (CV) measurements were carried out in 1 M KOH to probe the electrochemical double layer 

capacitance (Cdl) of bare NF and NiFeOxHy/NF electrodes (after immersion of 1 min, 10 min, 1 h and 4 h) at 

non-faradaic overpotentials as the means of estimating the corresponding ECSAs. For the details, a series of CV 

measurements were performed at various scan rates (ν: 5, 10, 20, 50, 100 and 200 mV s-1) between 0.10 V and 

0.20 V vs. Hg/HgO. The double layer capacitance (Cdl) was estimated by plotting the J = (Ja - Jc) at 0.15 V vs. 

Hg/HgO against the scan rate. The linear slope is twice of the double layer capacitance Cdl. 

For the estimation of ECSA, a specific capacitance (Cs) value Cs = 0.040 mF cm-2 in 1 M NaOH solution is 

adopted from a previous report. [S26] The ECSAs of the various electrodes can be calculated according to the 

following equation (1). 

ECSA = Cdl / Cs                                   (1) 

Figure S13 (a-e) shows the cyclic voltammograms in 1 M KOH solution of bare NF and NF after immersion in 

20 mM Fe(NO3)3 solution for 1 min, 10 min, 1 h and 4 h, measured in the non-Faradaic potential range of 0.10 V 

to 0.20 V at scan rates of 5, 10, 20, 50, 100, 200 mV s-1, respectively. The corresponding charging current density 

differences (Δj = ja - jc) plotted against scan rates are exhibited in Figure S13 (f), where the double layer 

capacitances Cdl are obtained, equal to half the value of the slopes. Therefore, the ECSA value of these 

electrodes can be calculated through equation (1), which are 56.8 (bare NF), 68.0 (1 min), 66.4 (10 min), 65.1 (1 h) 

and 69.4 (4 h) cm2, respectively. It is evident that the ECSAs of NF after immersion in 20 mM Fe(NO3)3 solution 

are just slightly larger than that of bare NF. Therefore, the intrinsic activity of in-situ formed a-NiFeOxHy layer 

plays a dominant role in the OER activity enhancement for NF after immersion in 20 mM Fe(NO3)3 solution. 
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Figure S14 SEM images with different magnification of NF after immersion in 5 mM Fe(NO3)3 at room temperature from 1 min to 4 
h: (a-c) 1 min; (d-f) 5 min; (g-i) 20 min; (j-l) 1 h and (m-o) 4 h. 

Figure S15 SEM images with different magnification of NF after immersion in 50 mM Fe(NO3)3 at room temperature from 1 min to 
4 h: (a-c) 1 min; (d-f) 5 min; (g-i) 20 min; (j-l) 1 h and (m-o) 4 h. 
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Figure S16 SEM images with different magnification of NF after immersion in 375 mM Fe(NO3)3 at room temperature from 1 min to 
4 h: (a-c) 1 min; (d-f) 5min; (g-i) 20 min; (j-l) 1 h and (m-o) 4 h. 

Figure S17 (a) Atomic percentage of Ni and Fe species in the surface of bare NF and NF after immersion in 5 mM Fe(NO3)3 solution 
at room temperature from 1 min to 4 h; (b) atomic ratio of Ni to Fe in the surface of NF after immersion in 5 mM Fe(NO3)3 solution. 
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Figure S18 High-resolution XPS spectra of the Ni 2p region of (a) bare NF, and NF after immersion in 5 mM Fe(NO3)3 solution for  
(b) 1 min, (c) 5 min, (d) 20 min, (e) 1 h, (f) 4 h.  

 

Figure S19 High-resolution XPS spectra of the Fe 2p region of (a) bare NF, and NF after immersion in 5 mM Fe(NO3)3 solution for  
(b) 1 min, (c) 5 min, (d) 20 min, (e) 1 h, (f) 4 h. 
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Figure S20 High-resolution XPS spectra of the O 1s region of (a) bare NF, and NF after immersion in 5 mM Fe(NO3)3 solution for 
(b) 1 min, (c) 5 min, (d) 20 min, (e) 1 h, (f) 4 h.

Figure S21 SEM images with different magnification of NF after immersion in 20 mM FeCl3 at room temperature from 1 min to 1 h: 
(a-c) 1 min; (d-f) 10 min; (g-i) 1 h. 
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Figure S22 SEM images with different magnification of NF after immersion in 10 mM Fe2(SO4)3 at room temperature from 1 min to 
1 h: (a-c) 1 min; (d-f) 10 min; (g-i) 1 h. 

Figure S23 TEM images of NF surface after immersion in 20 mM FeCl3 and 10 mM Fe2(SO4)3 solution at room temperature for 1 hour. 

Figure S24 SEM images with different magnification of NF after immersion in 20 mM FeCl2 at room temperature from 1 min to 1 h: 
(a-c) 1 min; (d-f) 10 min; (g-i) 1 h. 
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Figure S25 SEM images with different magnification of NF after immersion in 20 mM FeSO4 at room temperature from 1 min to 1 h: 
(a-c) 1 min; (d-f) 10 min; (g-i) 1 h. 

Figure S26 SEM images with different magnification of NF after immersion in 60 mM HNO3 at room temperature from 1 min to 1 h: 
(a-c) 1 min; (d-f) 10 min; (g-i) 1 h. 
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Figure S27 High-resolution XPS spectra of (a-c) Ni 2p, (d-f) Fe 2p and (g-i) O 1s region of NF after immersion in 20 mM FeCl3 
solution for 1 min, 10 min and 1 h, respectively. (j) atomic percentage of Ni and Fe species on the surface of bare NF and NF after 
immersion in 20 mM FeCl3 solution; (k) atomic ratio of Ni to Fe in the surface of NF after immersion in 20 mM FeCl3 solution. 
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Figure S28 High-resolution XPS spectra of (a-c) Ni 2p, (d-f) Fe 2p and (g-i) O 1s region of NF after immersion in 10 mM Fe2(SO4)3 
solution for 1 min, 10 min and 1 h, respectively. (j) Atomic percentage of Ni and Fe species on the surface of bare NF and NF after 
immersion in 10 mM Fe2(SO4)3 solution; (k) atomic ratio of Ni to Fe in the surface of NF after immersion in 10 mM Fe2(SO4)3 solution. 
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Figure S29 High-resolution XPS spectra of (a-c) Ni 2p, (d-f) Fe 2p and (g-i) O 1s region of NF after immersion in 20 mM FeCl2 
solution for 1 min, 10 min and 1 h, respectively. (j) atomic percentage of Ni and Fe species in the surface of bare NF and NF after 
immersion in 20 mM FeCl2 solution; (k) atomic ratio of Ni to Fe in the surface of NF after immersion in 20 mM FeCl2 solution. 
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Figure S30 High-resolution XPS spectra of (a-c) Ni 2p, (d-f) Fe 2p and (g-i) O 1s region of NF after immersion in 20 mM FeSO4 
solution for 1 min, 10 min and 1 h, respectively; (j) atomic percentage of Ni and Fe species on the surface of bare NF and NF after 
immersion in 20 mM FeSO4; (k) atomic ratio of Ni to Fe in the surface of NF after immersion in 20 mM FeSO4 solution. 
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Figure S31 High-resolution XPS spectra of (a-c) Ni 2p, (d-f) Fe 2p and (g-i) O 1s region of NF after immersion in 60 mM HNO3 
solution for 1 min, 10 min and 1 h, respectively. 

Table S1 Summary of OER properties at the high performance electrode materials reported in recent literatures. 

Sample 
Overpotential 
(10 mA cm-2,  
0.1 M KOH) 

Overpotential 
(10 mA cm-2, 
1 M KOH) 

Overpotential
(100 mA cm-2, 

1 M KOH) 
Method Reference

Ni-Co-oxide@Ni Plate - ~324 mV ~365 mV Electrodeposition Int. J. Hydrogen 
Energy 2000[S1] 

Core-Ring NiCo2O4 
Nanoplatelets 

- - 315 mV Coprecipitation 
decomposition method 

Adv. Funct. Mater. 
2008[S2] 

Ba0.5Sr0.5Co0.8Fe0.2O3–d 
(BSCF) 

~360 mV - - Calcination at 1100°C 
for 24 h 

Science 2011[S3] 

Ni0.9Fe0.1Ox film - ~340 mV - Solution-Cast method J. Am. Chem. Soc.
2012[S4] 

Ordered Mesoporous 
Co3O4-CuCo2O4 

391 mV - - Templated method Chem. Mater. 2013[S5]

Ni-Fe LDH/CNT 308 mV 247 mV - Solvothermal method J. Am. Chem. Soc.
2013[S6] 

Thin-Film Ni-Fe Oxide 
on Gold 

280 mVa - - Electrodeposition J. Am. Chem. Soc.
2013[S7] 

Amorphous Ni-Fe 
Oxide Films 

250 mVb - - Photochemical 
decomposition 

J. Am. Chem. Soc.
2013[S8] 

140



www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research

Nano Res. 

(Continued) 

Ni Foam/Porous 
Carbon/Anodized  

Ni Electrode 
407 mVc - - Chemical deposition + 

Calcination 
Angew. Chem. 2013[S9]

N-doped Carbon
Nanomaterials

380 mV - - Pyrolysation at 
700 °C 

Nature Commun. 
2013[S10] 

N,O-Dual Doped 
Graphene-CNT  
Hydrogel Film 

368 mVc - - Hydrothermal method 
Adv. Mater.  

2014[S11] 

La-doped NiFe LDH - 260 mV - Pulsed-Laser Ablation J. Am. Chem. Soc.
2014[S12]

Graphene and FeNi 
LDH Hybrid 

- 206 mV -
Hydrothermal reaction

at 150 °C for 24 h +
Reduction 

Angew. Chem. Int. Ed. 
2014[S13] 

NiFe LDH on Nickel 
Foam 

- 280 mVd - Hydrothermal reaction
at 120 °C for 24 h

Chem. Commun. 
2014[14] 

Co3O4-Carbon 
Nanowire Arrays 

290 mV - - Carbonization J. Am. Chem. Soc. 2014
[S15]

Ultrathin Co-Mn LDH - 324 mV - Coprecipitation J. Am. Chem. Soc.
2014[S16]

CoOOH Nanosheets - 300 mV - Coprecipitation Angew. Chem. 2015[S17]

Co-Ni-Based 
Nanotube/Nanosheet 

- 280 mV - Cation exchange of the
Cu2O Nanowire 

Adv. Energy Mater. 
2015[S8] 

NiFe LDH on Nickel 
Foam 

- 224 mV - Electrodeposition
Chem. Sci.  

2015[S19] 

NiFe LDH on 
Nickel Foam 

270 mVa - 270 mVe Electrodeposition Nature Commun. 
2015[S20] 

Co9S8@MoS2/CNFs 
Hybrid Nanostructures 

- 430 mV - Electrospinning +
Carbonization

Adv Mater  

2015[S21] 

FeOOH/Co/FeOOH 
Hybrid Nanotube on NF 

- - 300f Electrodeposition Angew. Chem. 2016[S22]

Nanoporous CoSn(OH)6 
nanocubes 

- 274 mV - Coprecipitation +
Chemical etching

Energy Environ. Sci. 
2016[S23] 

FeCoW Oxyhydroxides 
on Gold-Coated NF 

- 191 mV - Solution-Cast +
Calcination

Science 2016[S24] 

Gold-supported 
Cerium-doped NiOx 

- 271 mV - Electrodeposition Nature Energy 2016[S25]

a-NiFeOxHy@NF
[20 mM Fe(NO3)3-

1 min] 
270 mV 239 mV 273 mV 

Immersion in 20 mM
Fe(NO3)3 at r.t. 

for 1 min 
This work 

a-NiFeOxHy@NF  
[20 mM Fe(NO3)3-1 h] 

235 mV 207 mV 242 mV Immersion in 20 mM 
Fe(NO3)3 at r.t. for 1 h 

This work 

a-NiFeOxHy@NF 
[20 mM Fe(NO3)3-1 h] 

239 mV 196 mV 231 mV Immersion in 20 mM 
Fe(NO3)3 at r.t.  for 4 h 

This work 

a-NiFeOxHy@NF
[50 mM Fe(NO3)3-

1 min] 
239 mV - - Immersion in 50 mM 

Fe(NO3)3 at r.t. for 1 min 
This work 

Note: a, at current density of 20 mA cm-2; b, at current density of 1 mA cm-2; c, at current density of 5 mA cm-2; d: at current density of 
30 mA cm-2; e, at current density of 80 mA cm-2; f, at current density of 90 mA cm-2 
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Table S2 Peak-differentation-imitating analysis of Ni 2p region: Peak position and full width half maximum (fwhm) 

Ni 2p (position, fwhm) 

Ni2+ Satellite Ni0 
Peak 

Position (eV) Fwhm (eV) Position (eV) Fwhm (eV) Position (eV) Fwhm (eV) 

Ni foam 855.38 2.53 860.907 5.28495 851.929 1.42221 

1 min 855.52 2.57 861.008 4.9406 852.182 1.35756 

10 min 855.62 2.75 861.059 5.26541 852.347 1.47276 

1 h 855.48 2.67 861.232 4.59488 852.22 1.22537 

Table S3 Peak-differentation-imitating analysis of Fe 2p region: Peak position and full width half maximum (fwhm)

Fe 2p (position, fwhm) 

Fe3+ Multiplets 
Peak 

1 2 3 4 5
Fe3+ Pre-peak Fe3+ Surface peak

Ni foam NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

1 min 709.93 2.02 711.14 1.78 712.47 1.81 714.10 1.67 715.13 1.73 706.32 2.27 719.31 2.25 

10 min 710.06 2.05 711.27 1.76 712.52 1.64 714.07 1.82 715.25 2.09 706.53 2.33 718.95 2.14 

1h 709.78 2.07 710.99 1.76 712.21 1.52 713.89 1.64 714.90 2.02 706.33 1.96 719.12 2.26 

Table S4 Peak-differentation-imitating analysis of O 1s region: Peak position and full width half maximum (fwhm)

O 1s (position, fwhm) 

Peak -OH -O-Fe (-O-Ni for NF) H2O 

Ni foam 531.084 1.59166 528.952 1.14817 532.383 1.75261 

1 min 531.186 1.83813 529.667 1.57872 532.677 1.70419 

10 min 531.23 1.85601 529.534 1.43985 532.607 1.91914 

1h 531.319 1.77935 529.66 1.45974 532.648 2.07993
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Summary 

A room temperature, electroless method has been developed in this chapter to grow 

nickel-iron hydroxides on a nickel foam current collector. The electrocatalytic activity of 

nickel foam for oxygen evolution reaction is found remarkably enhanced by simply 

immersing the nickel foam in a ferric nitrate solution at room temperature. During this 

immersing process, the oxidation of the nickel foam surface by ferric nitrate ions 

increases the near-surface concentration of hydroxide ions, which results in the in situ 

deposition of a highly active, amorphous nickel-iron hydroxide layer (NiFeOxHy@NF). 

In alkaline water electrolysis, this NiFeOxHy@NF shows very low OER overpotentials 

(e.g., 196 mV@10 mA·cm-2 in 1 M KOH) with excellent durability. The overall water 

splitting property using a two-electrode configuration exhibits a current density of 25 

mA·cm-2 in 6 M KOH at an applied voltage of 1.5 V. This facile, one-step, and cost-

effective immersion approach can be easily applied in industry for large-scale production 

and should have high applicability towards the preparation of other active materials (e.g., 

metal oxides/hydroxides, metal sulphides, or composite materials) on surfaces of metal 

electrodes (e.g., Ni, Co, Fe, Cu, or their alloys).  
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Chapter 3 Two-Step Activated Carbon Cloth with 

Oxygen-Rich Functional Groups as a High-

Performance Additive-Free Air Electrode for Flexible 

Zinc-Air Batteries

Flexible solid-state zinc-air batteries are one of the most promising energy storage 

systems for flexible/wearable electronics owing to their high theoretical specific energy 

density and flat discharge voltage. However, their efficiency and power density are 

severely restrained by the sluggish kinetics of oxygen evolution reaction (OER) and 

oxygen reduction reaction (ORR) occurring at air electrodes. Therefore, air electrodes 

with both high oxygen electrocatalytic activity and excellent flexibility are of paramount 

importance to the performance of flexible zinc-air batteries. It is still challenging to cost-

effectively fabricate flexible air electrodes with highly active oxygen electrocatalyst 

layers firmly deposited on flexible conductive substrates using simple and efficient 

methods.  

Commercial carbon cloth with excellent flexibility is another type of current collectors 

usually adopted in the applications of electrochemical energy conversion and storage. In 

this chapter, we propose a facile two-step method, mild acid oxidation followed by air 

calcination, that directly activates carbon cloth to generate optimal oxygen-rich functional 

groups and an enhanced surface area for low-cost fabrication of flexible air electrodes. 

This two-step-activated carbon cloth exhibits superior bifunctional oxygen 

electrocatalytic activity and durability, achieving high performance as air electrodes in 

flexible solid-state zinc-air batteries. 
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1. Introduction

The flourishing development of flexible/
wearable electronic devices requires suit-
able energy storage systems with high 
efficiency, low cost, and durability.[1] 
Interest in rechargeable zinc (Zn)–air 
batteries is being revived because of their 
high theoretical specific energy density 
(1084 Wh kg−1) and flat discharge voltage, 
combined with the high abundance, 
low toxicity, and intrinsic safety of Zn.[2] 
Flexible solid-state Zn–air batteries have 
emerged as promising energy storage sys-
tems for flexible/wearable electronics.[2d,3] 
However, their efficiency and power den-
sity are still seriously restricted by the 
sluggish kinetics of the oxygen evolution 
reaction (OER) and oxygen reduction reac-
tion (ORR) occurring at flexible air elec-
trodes (FAEs). In addition, practical stress 
or folding conditions further require 
FAEs to possess sufficient mechanical 
strength and substrate/electrocatalyst 
interaction.[3a] Thus, an FAE with both 
high oxygen electrocatalytic activity and 

excellent flexibility is the key to the performance of flexible 
Zn–air batteries; however, it is still a challenge to cost effectively 
fabricate FAEs that satisfy both of the above conditions.[4] Most 
FAEs are prepared by coating rigid oxygen electrocatalysts with 
a polymer binder onto flexible conductive substrates, such as 
carbon cloth (CC),[3c,d,5] carbon fiber films,[3b,e] and SS mesh,[3a,6] 
which results in poor flex durability. Therefore, to construct 
high-performance FAEs, the development of a simple and effi-
cient method to generate compact and highly active oxygen 
electrocatalyst layers in situ on a flexible conductive substrate 
is desirable.

In the last decade, metal-free carbon materials doped or 
modified with heteroatoms have been the most promising 
candidates for the replacement of precious metal–based 
oxygen electrocatalysts (e.g., Pt and IrO2).[7] The introduction 
of a suitable amount of heteroatoms, particularly N,[3b,7b,d,8] 
S,[9] P,[7a,10] or both N and S,[7c] into the carbon matrix can 
cause charge and spin redistribution in the sp2 carbon lattice 
and disrupt the original electroneutrality, which creates active  

A flexible air electrode (FAE) with both high oxygen electrocatalytic activity 
and excellent flexibility is the key to the performance of various flexible 
devices, such as Zn–air batteries. A facile two-step method, mild acid 
oxidation followed by air calcination that directly activates commercial 
carbon cloth (CC) to generate uniform nanoporous and super hydrophilic 
surface structures with optimized oxygen-rich functional groups and an 
enhanced surface area, is presented here. Impressively, this two-step 
activated CC (CC-AC) exhibits superior oxygen electrocatalytic activity and 
durability, outperforming the oxygen-doped carbon materials reported 
to date. Especially, CC-AC delivers an oxygen evolution reaction (OER) 
overpotential of 360 mV at 10 mA cm−2 in 1 m KOH, which is among 
the best performances of metal-free OER electrocatalysts. The practical 
application of CC-AC is presented via its use as an FAE in a flexible 
rechargeable Zn–air battery. The bendable battery achieves a high open 
circuit voltage of 1.37 V, a remarkable peak power density of 52.3 mW 
cm−3 at 77.5 mA cm−3, good cycling performance with a small charge–
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sites with bifunctionality for carrying out both the ORR and 
OER. However, carbon materials that are doped with only 
oxygen and that have satisfactory bifunctional oxygen activity are 
notably lacking,[11] even though compared with other elements, 
it is much easier to introduce oxygen atoms or oxygen-
containing functional groups by using air or water as oxygen 
sources under mild conditions. Therefore, we envisage that 
the judicious surface engineering of commercial CC electrodes 
with optimal oxygen functional groups (OFGs) through a direct 
activation method could yield high-performance and low-cost 
FAEs. Recently, several methods, including argon plasma 
treatment[12] and high-temperature H2 etching,[13] were imple-
mented to activate CC electrodes to create surface OFGs. These 
activated CC electrodes exhibited enhanced bifunctional OER/
ORR activity.[12,13] For instance, their OER overpotentials at 
10 mA cm−2 reached ≈388 and 390 mV, and their ORR peak 
potentials were 0.69 and 0.565 V versus a reversible hydrogen 
electrode (RHE), respectively.[12,13] Nonetheless, their perfor-
mance is still far behind that of state-of-art metal-free oxygen 
electrocatalysts.

In this work, we have proposed a facile two-step method, 
mild acid oxidation followed by air calcination, that directly 
activates commercial CC to generate uniform, nanoporous, 
superhydrophilic surface structures with optimized oxygen-
rich functional groups and a dramatically enhanced surface 
area. Impressively, this two-step-activated CC (CC-AC) exhibits 
superior bifunctional oxygen electrocatalytic activity and 
durability, outperforming previously reported oxygen-doped 
carbon materials. In particular, CC-AC delivers an OER over-
potential of 360 mV at 10 mA cm−2 in 1 m KOH, which is 
among the best values for metal-free OER electrocatalysts. As 

a proof-of-concept, a rechargeable flexible Zn–air battery using 
CC-AC as a binder-free FAE yielded a remarkable peak power
density of 52.3 mW cm−3 at 77.5 mA cm−3, good cycling perfor-
mance with a small charge–discharge voltage gap of 0.98 V and
high flexibility.

2. Results and Discussion

The proposed two-step activation method for the fabrication 
of CC-AC includes a mild chemical oxidation of CC-Raw in 
mixed acid (H2SO4 + HNO3) aqueous solution at 70 °C (Step 1)  
followed by calcination in an air atmosphere at 500 °C for 2 h 
(Step 2), as illustrated in Scheme 1. The treatment temperatures 
of each step were optimized according to the electrocatalytic 
activity of the resultant electrodes (Figure S1, Supporting Infor-
mation). For comparison, CC-Raw was also treated with each 
activation step alone: mixed acid oxidation (CC-A) or direct air 
calcination (CC-C). As shown in Figure 1 and Figure S2 in the 
Supporting Information, changes in the surface morphology of 
CC after each step were revealed by scanning electron micros-
copy (SEM), atomic force microscopy (AFM), and transmis-
sion electron microscopy (TEM). Both CC-Raw (Figure 1a,b) 
and CC-A (Figure S2a–c, Supporting Information) possess 
a smooth and impermeable surface with deep submicrom-
eter parallel grooves, and shallow grooves/wrinkles obviously 
appear on the CC-A surface after Step 1 treatment. After the 
two-step treatment, the resulting CC-AC surface becomes 
rather rough and porous, with the formation of abundant nano-
pores/cracks (Figure 1c,d). The inset SEM image in Figure 1b 
clearly shows the generated nanopores with approximate  

Adv. Energy Mater. 2018, 1802936

Scheme 1. Illustration of the two-step activation method for the fabrication of CC-AC as a high-performance FAE for Zn–air batteries and the possible 
surface chemical structure of the CC (grey and red balls represent carbon and oxygen atoms, respectively).
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diameters of 20–30 nm. The TEM images of the CC-AC surface 
(Figure 1e,f) indicate that some graphitic carbon nanoparticles 
are embedded in a matrix of porous carbon with less crystal-
lization or an amorphous state. In addition, CC-C, only treated 
with Step 2, is much rougher but impermeable, with many 
nanoparticles on its surface (Figure S2d–f, Supporting Infor-
mation). Overall, this two-step treatment leads collectively to 
CC-AC with a uniform nanoporous surface without loss of the
original structural integrity and flexibility of the raw material.

X-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR), and Raman spectroscopy meas-
urements were conducted to investigate the surface composi-
tional and chemical states of the material as it was converted 
from CC-Raw to CC-AC (Figure 2). As expected, the XPS 
survey spectra in Figure 2a indicate that the surfaces in all CC 
electrodes are predominantly composed of carbon and oxygen. 
As outlined in Table S1 in the Supporting Information, the 
two-step treatment or single-step treatments can effectively 
increase the surface oxygen content from 3.4 at% for CC-Raw to 
4.6, 7.4, and 6.3 at% for CC-A, CC-C, and CC-AC, respectively. 
Although faint N 1s peaks are present in the CC-Raw and CC-C 
surfaces, these nitrogen species are completely removed by the 
Step 1 treatment to form CC-AC and CC-A. Specifically, their 
high-resolution C 1s XPS spectra (Figure 2b) can be fitted into 
six components. The peaks located at 284.5 and 285.2 eV can be 
ascribed to delocalized and localized hydrocarbons, respectively. 
The peaks at higher binding energies correspond to oxidized 
forms of carbon: C-OH (285.9 eV), C=O (286.7–287.0 eV), and 
COOH (288.1–288.4 eV).[14] Additional peaks at 283.6 eV origi-
nate from the C atoms neighboring lattice vacancies, which 
have been reported by several recent works.[15] The highest 
intensity of the peak at 283.6 eV, representing 2.8 at% of the 

total carbon, corresponds to CC-AC, suggesting an increase in 
the content of vacancy-type defects after the two-step treatment 
(Table S2, Supporting Information). The defect percentages for 
CC-raw, CC-A, and CC-C are 1.8, 1.8, and 2.0 at%, respectively.
Their high-resolution O 1s XPS spectrum (Figure 2c) can be
deconvoluted into four peaks, corresponding to O atoms in
different OFGs: carbonyl (C=O) groups at 530.7–530.9 eV,
hydroxyl (C-OH) groups at 532.0 eV, ester (O–C=O) groups
at 533.3 eV, and carboxyl (COOH) groups at 534.2 eV.[16] The
major differences in the surface OFGs of CC-AC are the pres-
ence of carbonyl (C=O) groups and an increased amount of
ester and carboxyl groups, which are critical to the enhanced
oxygen electrocatalytic activity of this material.

The FTIR spectra presented in Figure 2d were obtained to 
confirm the XPS results. Several features can be differentiated 
between the spectra of CC-AC and the other samples. The 
peak with a maximum at 1720 cm−1 can be allocated to C=O 
vibrations in COOH groups. Its slight shift from the typical 
position might indicate the abundance of COOH groups.[17,18] 
Furthermore, the strong band located at 1383 cm−1 and 
shoulder at 1637 cm−1 could be assigned to the stretching vibra-
tions of carboxylate ions COO−.[19] The FTIR spectrum further 
demonstrates the presence of an increased content of carboxyl-
related groups in CC-AC. The surface wettability of these CC 
electrodes was also investigated. An FAE with a highly hydro-
philic surface can provide easy accessibility to feedstock, espe-
cially in solid-state Zn–air batteries.[3e] The inset images in 
Figure 2a and Video S1 in the Supporting Information present 
the contact angles and wetting behavior with a practical electro-
lyte. The contact angles of CC-Raw, CC-A, and CC-C are 127.9°, 
135.4°, and 108.6°, respectively, which indicate that the surface 
wettability of CC is essentially unchanged by a single-step 

Adv. Energy Mater. 2018, 1802936

Figure 1. a,b) SEM images of (a) CC-Raw and (b) CC-AC. c,d) AFM images of (c) CC-Raw and (d) CC-AC. e,f) TEM images of CC-AC.
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treatment. The CC-AC surface is highly hydrophilic, and elec-
trolyte droplets rapidly permeated the CC-AC electrode (Video 
S1, Supporting Information). The highly hydrophilic surface of 
CC-AC further validates the increased amount of OFGs after
the two-step treatment.

The disorder degree of the carbon structure of CC-Raw to 
CC-AC was studied by Raman spectroscopy. Their Raman
spectra (Figure 2e) show two strong peaks at approximately
1330 and 1590 cm−1, which are identified as the D and G bands,
respectively. These bands, as well as the 2D (≈2680 cm−1) and
D+D′ (≈2940 cm−1) bands, confirm the presence of defective
graphite carbon in these CC electrodes. The relative intensity of
the D and G peaks (ID/IG), which is 0.82 for CC-Raw, increases 
with each step of the treatment to 0.88 for CC-A, 1.03 for CC-C, 
and finally 1.14 for CC-AC. These results demonstrate that 
each oxidative treatment step increases the content of defective 
surface domains, which may be oxygen substitutional dopants, 
aliphatic fragments, grain boundaries, or vacancies, such as 
pentagons or heptagons.[14,20] It is worth mentioning that the 
defects resulting from the surface-bound functional groups do 
not contribute to the D band.[21] Therefore, its high intensity 

in the spectrum of the CC-AC sample presumably originates 
from the development of a nanoporous surface, consequently 
increasing the edge atom content.[22]

As shown in Figure 2f and Figure S3 in the Supporting 
Information, the electrochemically active surface areas (ECSAs) 
of CC-Raw to CC-AC were estimated by measuring the double 
layer capacitance (CDL) in a nonFaradaic potential window.[23] 
Impressively, after the two-step treatment, the CDL was dra-
matically increased by 140 times to 12.6 mF cm−2 for CC-AC, 
compared with 0.09 mF cm−2 for CC-Raw. The CDL of CC-A
and CC-C was only 0.78 and 2.48 mF cm−2, respectively, one 
order of magnitude less than that of CC-AC. The highest ECSA 
of CC-AC could be the combined result of a porous surface 
structure, increased amount of OFGs, and high hydrophilic 
wettability, which further demonstrates the advantage of a 
two-step treatment since a larger ECSA plays an important 
role in enhancing the electrocatalytic activity.[24] The Braun-
auer–Emmett–Teller (BET) surface areas calculated from their 
nitrogen adsorption–desorption isotherms confirm an increase 
trend of surface areas when carbon cloth (CC-Raw) was 
treated by mixed acid (CC-A), calcination (CC-C), and two-step 

Adv. Energy Mater. 2018, 1802936

Figure 2. a) XPS survey spectra and high-resolution XPS spectra in the b) C 1s and c) O 1s regions for CC-AC, CC-C, CC-A, and CC-Raw. The inset 
images in (a) indicate the contact angle on the CC samples using the electrolyte used in conventional Zn–air batteries (6.0 m KOH containing 0.20 m 
ZnCl2). d) FTIR spectra, e) Raman spectra, and f) electrochemical surface areas for CC-AC, CC-C, CC-A, and CC-Raw.
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method (CC-AC, Figure S4 and Table S3, Supporting Infor-
mation). Although all samples possess very low BET surface 
area (because only an extremely thin layer of carbon surface 
has been activated), the measured BET surface area of CC-AC 
(0.51 m2 g−1) is nearly double of that for CC-Raw (0.28 m2 g−1). 
In addition, electrochemical impedance spectroscopy (EIS) 
was performed in O2-saturated 1 m KOH to illustrate the con-
ductivity changes after each treatment process (Figure S5, 
Supporting Information). The smaller semicircle correspond to 
a lower charge transfer resistance, demonstrating a conductivity 
order of CC-C > CC-AC > CC-A > CC-Raw.

Overall, this facile two-step method achieves direct activa-
tion of CC to generate nanoporous and highly hydrophilic 
surfaces with oxygen-rich functional groups, defective graphitic 
structures, and a dramatically enhanced ECSA. As depicted in 
Scheme 1, we speculate that new OFGs (mostly –OH and –C=O) 
first form during the chemical oxidation treatment (Step 1).  
During this step, strongly electrophilic NO2

+ in the mixed acid
(H2SO4 + HNO3) solution is generated, and electrophilic attack 
integrates the CC surface.[17] Then, air calcination (Step 2) fur-
ther increases the oxygen and defect content and changes the 

distribution/components of the OFGs on the surface.[25] The 
gaseous oxidation of a graphitic surface preferentially occurs 
at the edge or defective sites.[26] The abundant OFGs formed 
during Step 1 can offer more defective sites to facilitate the 
oxidation process of Step 2.[27] As a result, a much thicker 
nanoporous carbon layer with OFGs and local disorder can be 
generated on the surface of CC-AC.

The oxygen electrocatalytic performance of CC-AC and other 
electrodes was measured using a three-electrode electrochem-
ical cell in 1.0 m KOH solution, applying these CC samples 
directly as working electrodes. As shown in Figure 3a, a com-
parison of four cyclic voltammetry (CV) curves recorded over 
a broad potential window (0.1–1.7 V vs RHE) clearly indicates 
the superior bifunctional catalytic activity of CC-AC, which 
exhibits the strongest cathodic ORR peak (0.6–0.9 V vs RHE), 
and anodic OER signal (1.5–1.8 V vs RHE). More specifically, 
the superior ORR activity of CC-AC is reflected by its high ORR 
peak potential (0.72 V vs RHE, Figure 4b) and onset potential 
(0.90 V vs RHE, Figure 4c). The ORR peak potentials for 
CC-Raw, CC-A, and CC-C are only 0.53, 0.59, and 0.64 V versus
RHE, respectively (Figure 4b). In addition, the linear sweep
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Figure 3. a) CV curves showing the ORR and OER activities of CC electrodes in O2-saturated electrolyte at a scanning rate of 50 mV s−1. b) CV and
c) LSV curves for the ORR of CC electrodes at a scanning rate of 50 mV s−1; the rotation speed for LSV was 1600 rpm. d) LSV curves and e) derived
Tafel slopes for the OER of CC electrodes at a scanning rate of 5 mV s−1. f) Comparison of the Egap values of CC-AC with those of CC-Raw, CC-A, CC-C,
and state-of-art metal-free bifunctional oxygen electrocatalysts. g) ORR and h) OER activity of the CC-AC electrode after different numbers of cycles 
between −0.4 and 0.7 V versus Hg/HgO with a scan rate of 50 mV s−1. A 1 m KOH solution was used as the electrolyte in all cases.
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voltammetry (LSV) curves in Figure 3c recorded by a standard 
rotating disk electrode (RDE) show ORR onset potentials of 
0.77, 0.80, and 0.82 V for CC-raw, CC-A, and CC-C, respectively. 
The ORR mechanism of CC-AC was further evaluated by its 
electron transfer number (n) per oxygen molecule. Rotating 
ring–disk electrode (RRDE) measurements (Figure S6a, Sup-
porting Information) prove that there is negligible ring cur-
rent, and n, calculated from the RRDE curves in Figure S6b in 
the Supporting Information, is ≈3.7 over a potential range of 
0.2–0.7 V versus RHE. Therefore, it can be concluded that the 
predominant oxygen reduction mechanism for CC-AC is the 
preferred 4-electron pathway of direct OH− formation, which 
will benefit the construction of highly efficient FAEs.

Figure 3d,e presents the OER polarization curves and cor-
responding Tafel slopes recorded in O2-saturated 1.0 m KOH 
solution. The OER overpotential of CC-AC at 10 mA cm−2 

is 360 mV, substantially lower than that of CC-C (450 mV), 
CC-A (530 mV), and CC-Raw (500 mV). The superior OER
activity of CC-AC is among the lowest reported recently for
metal-free carbon electrocatalysts (Table S4, Supporting Infor-
mation). Impressively, the obtained ORR and OER activities
of CC-AC are closed to the benchmark ORR (Pt/C) and OER
(IrO2) electrocatalysts (Figure 3b,d). As shown in Figure 3e, the 
Tafel slope of CC-AC is 52.3 mV per decade, which is much 
smaller than that of the other CC electrode. Such an obviously 
decreased Tafel slope highlights the effectively accelerated OER 
kinetics of CC-AC.

The overall oxygen catalytic activity can be evaluated by the var-
iance of the OER and ORR metrics (Egap = EOER@10 mA cm−2 –
EORR1/2). The smaller the Egap value, the more similar the elec-
trode is to an ideal reversible oxygen electrode. As illustrated 
in Figure 3f, CC-AC exhibits an Egap of 810 mV, which is much 

Adv. Energy Mater. 2018, 1802936

Figure 4. a) Open-circuit voltage (1.367 V) of a flexible Zn–air battery equipped with CC-AC as the FAE. b) Polarization and power density curves of 
flexible Zn–air batteries using CC-AC, CC-C, CC-A, and CC-Raw as the FAE. c) Comparison of the charge and discharge polarization curves of flexible 
Zn–air batteries using CC-AC and CC-Raw as the FAE. d) Galvanostatic cycling performance and e) a typical cycle of a Zn–air battery at a current density 
of 1.0 mA cm−2 using CC-AC, CC-C, CC-A, and CC-Raw as the FAE. f) Galvanostatic discharge–charge cycling curves of Zn–air batteries using CC-AC 
as the FAE at a current density of 1 mA·cm−2, demonstrating the behavior under different folding conditions. Demonstration to power an LED under 
g) flat and h) bent condition.
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lower than that of CC-Raw (1140 mV), CC-A (1110 mV), and 
CC-C (1000 mV) but comparable to that of state-of-art bifunc-
tional metal-free electrocatalysts.[3b,8b,9,12,13,28] A detailed
comparison of various state-of-the-art bifunctional catalysts
reported recently is presented in Table S5 in the Supporting
Information, further confirming the high catalytic activity and
reversibility of CC-AC for both the ORR and OER. Finally, the
CC-AC electrode possesses excellent oxygen catalytic stability
(Figure 3g,h). As presented in Figure 3g, the ORR performance
of CC-AC was unexpectedly slightly enhanced after an
accelerated degradation test (ADT). CC-AC also produced
a small loss in OER activity with an ≈20 mV increase in the
overpotential at 10 mA cm−2 after 1000 cycles, and no further
changes were observed in the subsequent 4000 cycles. This
superior stability could be partly due to the tight combina-
tion between the in situ formed nanoporous layer and the CC
surface, which prevents their detachment during vigorous gas
evolution.[29]

The above results clearly indicate that our two-step treatment 
can dramatically enhance the oxygen electrocatalytic activity of 
a commercial CC. On the basis of the characterization of the 
materials from CC-Raw to CC-AC, we believe that the remark-
able electrocatalytic activity and stability of the CC-AC electrode 
can be ascribed to four main factors: 1) The formed –COOH 
groups in the defective graphene structure of CC-AC are the 
highly bifunctionally active sites for both the ORR and OER. 
The intrinsic activity enhancement was confirmed by the BET 
surface area normalized LSV curves for both ORR and OER 
(Figure S7, Supporting Information). Recently, Wang and 
Xia’s groups theoretically determined that the -COOH OFGs 
in defective graphene structures can facilitate OER and ORR 
with the lowest overpotentials, resulting from the electron 
withdrawing effect of -COOH as well as the structural defects 
created charge redistributions on the neighboring carbon 
atoms.[12] As the material nature and functional groups of our 
CC-AC electrode are very similar to theirs, we believe that the
conclusions drawn from their DFT calculations should be 
directly applicable to our system. We therefore deduce a pos-
sible surface -COOH determined OER reaction mechanism 
of CC-AC as shown in Figure S8 in the Supporting Informa-
tion.[20] The unchanged O1s XPS peak intensity of –COOH 
OFGs for CC-AC after the ADT test (Figure S9, Supporting 
Information) further support the above point. 2) The highest 
ECSA of CC-AC, due to its nanoporous surface, provides abun-
dant electrocatalytic active sites that take part in the reactions. 
3) The high hydrophilicity of CC-AC can increase the affinity of
the electrolyte species for the electrocatalyst surface. 4) This in
situ generated compact electrocatalytic layer provides good elec-
tron transfer ability and prevents catalyst delamination during
oxygen evolution.

On the basis of the promising oxygen electrocatalytic per-
formance presented above, a rechargeable flexible Zn–air 
battery was constructed by employing CC-AC directly as the 
binder-free FAE, as illustrated in Scheme 1. This configuration 
avoided the use of a current collector and polymer binders. The 
open-circuit voltage of the battery containing a CC-AC FAE was 
measured to be as high as 1.367 V (Figure 4a and Figure S10, 
Supporting Information), which is comparable with that of 
recently reported advanced Zn–air batteries.[3a,b,e,5b] As shown 

in Figure 4b, peak power density of the CC-AC–based Zn–air 
battery (52.3 mW cm−3 at 77.5 mA cm−3, based on the whole 
device volumes, Figure S11 in the Supporting Information) is 
much more impressive than that of CC-Raw (35.5 mW cm−3), 
CC-A (41.7 mW cm−3), and CC-C (48.9 mW cm−3). The perfor-
mance of CC-AC–based battery is comparable or better than the
recently reported high performance flexible Zn–air batteries
(Table S6, Supporting Information). The charge and discharge
polarization curves for batteries with CC-AC and CC-raw elec-
trodes are compared in Figure 4c, displaying a significantly
smaller charge–discharge gap for CC-AC. The results in
Figure 4d,e further confirm the highest performance of the bat-
tery employing CC-AC, with the lowest charge voltage and the
highest discharge voltage of 2.03 and 1.05 V, respectively, giving
a voltage gap of ≈0.98 V. Furthermore, the CC-AC–based battery
delivered the most stable performance during the 1000 min
cycling test (Figure 4d).

The flexibility of the as-fabricated Zn–air devices based on 
a CC-AC FAE was investigated by mimicking real bending 
scenarios (Figure 4f–h). Figure 4f and Figure S12 in the 
Supporting Information show that the battery performance 
was not influenced by bending actions. In order to present a 
practical application of the assembled flexible batteries, two 
were connected in series and used under normal (Figure 4g) 
and bent (Figure 4h) conditions to light up a commercial LED 
with a rated voltage of 1.8 V. The results prove that the CC-AC 
electrocatalytic electrode has great potential for application in 
rechargeable batteries for flexible/wearable electronic devices. 
Notably, in order to further increase the battery performance, 
additional efforts are required in terms of optimization of the 
other battery components, particularly the Zn anode.

3. Conclusion

In summary, this work demonstrates that a simple two-step 
treatment can activate commercial CC to generate uniform nano-
porous and super hydrophilic surface structures with oxygen-rich 
functional groups and an enhanced surface area. The resultant 
flexible electrode exhibits superior bifunctional oxygen electrocat-
alytic activity. Moreover, the material exhibits excellent stability, 
retaining its electrocatalytic activity after 15 months storage 
(Figure S13, Supporting Information) and 5000 cycles of an 
ADT. This mild treatment method maintains the original high 
flexibility and mechanical strength of the CC. The bifunctional 
activity and flexibility of the electrode motivated the demonstra-
tion of its utility as the air cathode in a flexible solid-state Zn–air 
battery, and a high open circuit voltage, remarkable peak power 
density, good cycling performance, and high flexibility were 
observed. The presented facile procedure for the fabrication of 
stable metal-free electrocatalysts is expected to provide a way to 
develop low-cost, high-performance porous electrodes for a large 
variety of electrochemical application.

4. Experimental Section
Preparation of Carbon Cloth Electrodes (CC-AC) by the Two-Step

Treatment: Commercial CC (Sigracet 39 BC, SGL Carbon), denoted 
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CC-Raw, was cut into small pieces with sizes of 2 cm × 1 cm. For Step 1,  
the CC-Raw pieces were immersed in a mixture of 20 mL of 98% 
H2SO4, 20 mL of 70% HNO3 (RCI Labscan), and 20 mL of Milli-Q water 
(18.2 MΩ cm−1). Then, the resulting solution containing the CC was 
heated in a sealed beaker at 70 °C for 24 h. After cooling the solution, 
the CC pieces were washed with a copious amount of water and dried 
overnight in a vacuum dryer at 60 °C. The obtained CC samples were 
named CC-A. Subsequently, for Step 2, the CC-A pieces were heated in a 
muffle furnace to 500 °C at a heating rate of 10 °C min−1 and maintained 
at this temperature for 2 h, resulting in CC-AC. The sample denoted 
CC-C was prepared with the same procedure excluding Step 1. All the CC 
samples were directly used as electrodes in electrochemical tests and 
flexible Zn–air batteries without further treatment.

Material Characterization: The surface morphology was characterized 
on a scanning electron microscope (JSM-7001F), a transmission 
electron microscope (Philips Tecnai F20), and an atomic force 
microscope (Bruker Dimension Icon system). The surface chemical 
state of the samples was analysed via XPS by using an Axis ULTRA 
spectrometer with a 165 hemispherical electron energy analyser. FTIR 
spectra were recorded using an ALPHA FTIR spectrometer (Bruker), and 
Raman spectra were obtained using a Renishaw 100 spectrometer with a 
632.8 nm He–Ne laser. Contact angle analysis was performed on a drop-
shape analyser (DSA100, KRÜSS). The BET surface area of the carbon 
cloth was evaluated using nitrogen adsorption–desorption at 77 K with 
an ASAP 2020 Physisorption Analyzer (Micrometrics).

Electrochemical Measurements: The OER/ORR electrocatalytic 
performance was measured using an electrochemical workstation 
(CHI 760D, CH Instruments USA) in a standard three-electrode 
system at room temperature. Unless otherwise stated, the CC 
samples were directly applied as the working electrode (immersed 
area: 1 cm × 1 cm), while an Hg/HgO electrode (1.0 m KOH) and 
a carbon rod were applied as the reference and counter electrodes, 
respectively. O2– or N2-saturated 1.0 m KOH or 0.1 m KOH solution 
was used as an electrolyte. LSV (scan rate: 5 mV s−1) and CV (scan 
rate: 50 mV s−1) were used to evaluate the electrocatalytic performance 
of the samples. The reported potentials were converted with respect 
to an RHE following the equation ERHE = EHg/HgO + 0.926 V. The data 
presenting the OER activity or bifunctional OER and ORR activities 
together were corrected for the iR compensation. Furthermore, the 
ORR performance of the samples was tested using an RDE. In the 
standard procedure, a circular piece of CC with a geometric surface 
area of 0.196 cm2 was attached to the RDE using three droplets of 
Nafion solution (5% Sigma-Aldrich). Pt/C (20 wt%, HiSPEC 3000) and 
IrO2 (99.9%, Sigma-Aldrich) was used as benchmark electrocatalyst 
for ORR and OER, respectively. The LSV curves were recorded at a 
scan rate of 10 mV s−1 and a rotation rate of 1600 rpm. Additionally, 
an RRDE was used to evaluate the electron transfer number of CC-AC, 
applying a ring potential of 0.4 V versus Hg/HgO at a scan rate of 
10 mV s−1 and a rotation rate of 1600 rpm.

The electron transfer number (n) was determined by the following 
equation[30]:

( )= × +4 / /d d rn I I I N  
where Id is the disk current; Ir is the ring current; and N is the 
collection efficiency of the ring electrode, which was determined to be 
0.4 for the electrode. An ADT consisted of CV scans over a potential 
window of 0.6–1.6 V versus RHE. After 1000 and 5000 scans, the LSV 
plots were recorded for comparison with the initial performance. The 
electrochemical capacitance of the electrodes was estimated from 
CV scans in a potential range between 0.0 and 0.1 V versus Hg/HgO 
at different scan rates of 20, 40, 60, 80, and 100 mV s−1. The positive 
capacitive currents measured at 0.05 V versus Hg/HgO were plotted as 
a function of the scan rate, and the specific capacitances were obtained 
by a linear fitting of the plots.

Flexible Zn–air Battery Assembly: A gel polymer electrolyte was prepared 
as follows: 1.0 g of polyvinyl alcohol (PVA) powder (Mowiol 56-98,  
MW ≈195 000, Aldrich) was dissolved in 10.0 mL of deionized water, 

followed by magnetic stirring for 2.0 h at 95 °C in an oil bath. Then, 
1.0 mL of an 18.0 m aqueous KOH solution filled with 0.10 m ZnAc2 
was added, and the electrolyte solution was stirred at 95 °C for another 
40 min. Next, the solution was poured into an acrylonitrile butadiene 
styrene resin groove with dimensions of 25 mm × 15 mm × 1 mm printed 
by a MakerGear M2 3D printer and subsequently placed at −5 °C in a 
refrigerator for ≈12 h. The gelated PVA electrolyte was kept at 5 °C before 
use. In a typical assembly of a flexible solid-state Zn–air battery, a polished 
Zn foil (0.25 mm thick, 1 cm × 3 cm with 1 × 1 cm2 left blank to serve as 
the current collector) was used as the anode and first attached to one side 
of the gel polymer electrolyte. Then, the CC sample (0.36 mm thick, 1 cm 
× 3 cm with 1 × 1 cm2 left blank to serve as the current collector) was 
directly employed as the air electrode and attached to the other side of the 
electrolyte. A piece of general-use tape was used to seal the cell, leaving the 
flexible solid-state Zn–air battery with a thickness of ≈2.0 mm (Figure S11, 
Supporting Information). The electrochemical measurements were 
performed on an electrochemical workstation (CHI 660E, CH Instrument, 
USA). The discharge and charge polarization curves were obtained using 
a galvanodynamic method, with the current density normalized to the 
volume of the air electrode. The cycling test with mechanical stability 
and galvanostatic discharge tests was conducted on a LAND CT2001A 
multichannel battery testing system. The discharge–charge cycling test 
was performed using a galvanic pulse method with a 10 min discharge 
followed by a 10 min charge for each cycle at a constant current density of 
1 mA cm−2. The power and current densities were calculated based on the 
whole volumes of the solid-state Zn–air battery devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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2 

Figure S1. LSV curves for the OER of CC-AC electrodes obtained by different temperatures 

of Step-1 (a) and Step 2 (b) at a scanning rate of 5 mV s
-1

 in 1 M KOH.
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Figure S2. (a, b) SEM and (c) AFM images of CC-A; (d, e) SEM and (f) AFM images of 

CC-C.
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Table S1. Atomic contents of elements in the samples from the XPS spectra. 

Sample 

Atom Percentage (%) 

C O N 

CC-Raw 94.8 3.4 1.7 

CC-A 95.4 4.6 - 

CC-C 91.0 7.4 1.6 

CC-AC 93.7 6.3 - 

Table S2. Atomic contents of surface carbon species derived from deconvoluted C 1s XPS 

spectra. 

Sample 

Atom Percentage (%) 

284.5 eV 285.1 eV 285.9 eV 286.8 eV 288.2 eV 283.6 eV 

C-C 

delocalized 

C-C 

localized 
C-OH O=C- COOH vacancy 

CC-AC 60.9 14.0 8.8 2.9 3.2 2.8 

CC-C 56.7 13.2 9.5 5.5 2.6 2.0 

CC-A 62.5 18.5 6.9 3.2 2.5 1.8 

CC-Raw 63.2 15.4 9.2 1.7 2.7 1.8 
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Figure S3. Electrochemically active surface area determination. CV plots at different scan 

rates for (a) CC-Raw, (b) CC-A, (c) CC-C and (d) CC-AC in 1.0 M KOH.  
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Figure S4. Nitrogen adsorption-desorption isotherms of CC-Raw, CC-A, CC-C and CC-AC. 

Table S3. BET surface areas of CC-Raw, CC-A, CC-C and CC-AC normalized by the mass 

(m
2
 g

-1
) and the geometric area (m

2
 cm

-2
).

Sample BET surface area (m
2
 g

-1
) BET surface area (m

2
 cm

-2
)

CC-Raw 0.28 0.0036 

CC-A 0.36 0.0046 

CC-C 0.35 0.0045 

CC-AC 0.51 0.0065 
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Figure S5. Electrochemical impedance spectroscopy (EIS) of CC-Raw, CC-A, CC-C and CC-

AC in O2-saturated 1 M KOH at the corresponding half-wave potentials, respectively. 
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Figure S6. (a) Rotating ring-disk electrode (RRDE) curves of CC-AC in O2-saturated 1 M 

KOH at 1600 rpm. The disk potential was constant at 0.4 V vs Hg/HgO. All scanning rates 

were 50 mV/s. (b) The calculated transferred electron number (n) per oxygen molecule for 

CC-AC.
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Table S4. Summary of OER performance of carbon-based materials reported in recent 

literatures. 

Electrocatalyst 
Overpotential 

(@ 10 mA cm
-2

) 
Electrolyte Substrate Reference 

CC-AC 360 mV 1.0 M KOH Carbon Cloth This work 

CC-C 450 mV 1.0 M KOH Carbon Cloth This work 

CC-A 530 mV 1.0 M KOH Carbon Cloth This work 

CC-Raw 500 mV 1.0 M KOH Carbon Cloth This work 

N-doped CNTs 470 mV 0.1 M KOH Free Standing Film 
S. Chen, et al., Adv.

Mater. 2014, 26, 2925 

P-g-C3N4-CFP 400 mV 0.1 M KOH Carbon Fiber Paper 

T. Y. Ma, et al., 

Angew. Chem. Int. Ed., 

2015, 54, 4646 

g-C3N4-graphene 420 mV 0.1 M KOH Free Standing Film 
S. Chen, et al., Adv.

Sci. 2015, 2, 1400015

OCC-8 450 mV 0.1 M KOH Carbon Cloth 

N. Cheng, et al.,

Chem. Commun. 2015, 

51, 431 1616 

ONPPGC/OCC 410 mV 1.0 M KOH Carbon Cloth 

J. Lai, et al., Energy 

Environ. Sci. 2016, 9,

1210 

NSGF 360 mV 1.0 M KOH Graphite Foam 

X. Yu, et al., Adv.

Energy Mater. 2016, 

6, 1501492 

NiD-PCC 370 mV 1.0 M KOH Carbon Cloth 

M. S. Balogun, et al.,

Energy Environ. Sci.

2016, 9, 3411 

NGF-CFP 380 mV 0.1 M KOH Carbon Fiber Paper 

Y.-P. Zhu, et al., ACS 

Appl. Mater. 

Interfaces 2017, 9, 

41980 

P-CC 450 mV 1.0 M KOH Carbon Cloth 

Z. Liu, et al., Adv.

Mater. 2017, 29,

1606207 

O-CC-H2 390 mV 1.0 M KOH Carbon Cloth 

H.-F. Wang, et al., 

Energy Storage Mater. 

2018, 15, 124 
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PDDA@CNTs93 
370 mV 

357 mV 

0.1 M KOH 

1.0 M KOH 
Glassy Cabon Elecrode 

C. Mo, et al., Energy 

Environ. Sci., 2018,

DOI: 

10.1039/c8ee01487f 

O-CNT 360 mV 1.0 M KOH Glassy Cabon Elecrode 

L. Li, et al., ACS 

Energy Lett., 2017, 2, 

294−300

PPPI 470 mV 1.0 M KOH Free Standing Film 

Y.-X. Lin, et al., 

Angew. Chem., 2018, 

130, 12743–12746

NDGs-800 450 mV 1.0 M KOH Free Standing Film 

Q. Wang, et al., ACS 

Energy Lett., 2018, 3,

1183−1191

DN-CP@G 558 mV 0.1 M KOH Free Standing Film 

C. Hang, et al., Adv.

Energy Mater., 2018,

8, 1703539 

LIG-O 364 mV 1 M KOH Glassy Cabon Elecrode 

Jibo Zhang, et al., Adv. 

Mater., 2018, 30, 

1707319 
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Table S5. Summary of bifunctional performance of carbon-based materials reported in recent 

literatures. 

Electrocatalyst 

/Electrode
Substrate Electrolyte

OER @ 

10 mA cm-2 

(V vs. 

RHE) 

ORR @ 

E½

(V vs. 

RHE) 

Egap 

(E10 - 

E½) 

(mV)

Reference

CC-AC
Carbon 

Cloth 
1.0 M KOH 1.59 0.78 810 This Work 

CC-C
Carbon 

Cloth 
1.0 M KOH 1.68 0.68 1000 This Work 

CC-A
Carbon 

Cloth 
1.0 M KOH 1.76 0.65 1110 This Work 

CC-Raw
Carbon 

Cloth 
1.0 M KOH 1.73 0.59 1140 This Work 

NCNF-1000 GCE 0.1 M KOH 1.84 0.82 1020 

Q. Liu, et al., Adv.

Mater. 2016, 28,

3000 

N-GRW GCE 1.0 M KOH 1.59 0.835 755 

H. B. Yang, et al., 

Sci. Adv. 2016, 2, 

e1501122 

S,Sガ-CNT 1000 °C GCE 1.0 M KOH 1.58 0.79 790 

A. M. El-Sawy, et

al., Adv. Energy 

Mater. 2016, 6,

1501966 

PCN-NFP 
Carbon 

fiber paper 
0.1 M KOH 1.63 0.67 960 

T. Y. Ma et al, 

Angew. Chem. 

2015, 54, 4646 

N, P-GCNS GCE 0.1 M KOH 1.57 ~0.85 720 

R. Li, et al., ACS 

Catal. 2015, 5,

4133 

N, S, O-carbon 

nanosheet 
GCE 0.1 M KOH 1.65 0.77 880 

K. Qu, et al., Nano

Energy 2016, 19,

373 

NGM GCE 0.1 M KOH 1.67 0.77 900 

C. Tang, et al.,

Adv. Mater. 2016, 

28, 6845 

P-CC
Carbon 

cloth 
1.0 M KOH 1.68 ~0.64 1040 

Z. Liu, et al., Adv.

Mater. 2017, 29,

1606207 

DN-CP@G 
Carbon 

paper 
0.1 M KOH 1.762 0.787 975 

C. Hang, et al.,

Adv. Energy 

Mater. 2018, 8, 

1703539 

O-CC-H2
Carbon 

cloth 
0.1 M KOH 1.62 0.61 1010 

H.-F. Wang, et al., 

Energy Storage 

Mater. 2018, 15, 

124 
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Figure S7. (a) LSV curves for the ORR of CC electrodes at a scanning rate of 50 mV s
-1

; the

rotation speed for LSV was 1600 rpm. (b) LSV curves for the OER of CC electrodes at a 

scanning rate of 5 mV s
-1

. All the current densities are normalized with BET surface areas.
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Figure S8. Proposed OER mechanism on CC-AC. 

We proposed a possible surface -COOH determined OER reaction mechanism of CC-AC: 

The positively charged domains of carbon atom (*) near the -COOH group can readily accept 

electrons from OH− to form *OH (Step-1). Then the adsorbed *OH reacts with another OH− 

in alkaline solution to form *O (Step 2). Step 2 is the rate determining step of OER process (J. 

Am. Chem. Soc. 2013, 135, 13521). This step can be facilitated by strong electron-

withdrawing functional group like -COOH that induce positive charges on the adsorption sites 

to effectively reduce the energy barrier for the second OH− adsorption, thus triggering the 

transformation from *OH to *O (Step 2). Next, *OOH will form from *O on the active sites 

by adsorbing another OH− (Step 3), which is followed by the release of a molecular oxygen 

(Step 4). 
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Figure S9. O 1s XPS spectra for the CC-AC sample before and after the accelerated 

degradation test (5000 cycles between -0.4 and 0.7 V vs. Hg/HgO with a scan rate of 50 

mV/s). 
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Figure S10. The open-circuit voltage (OCP)-time curve of the flexible solid-state Zn-air 

battery with CC-AC as the oxygen electrode.  
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Figure S11. Digital photos showing the thickness of one carbon cloth (a) and the assembled 

solid-state Zn-air battery (b). 
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Table S6. The performance of rechargeable Zn-air batteries with various bifunctional 

electrocatalysts 

Zn-air battery 
Peak power 

density (mW cm
-3

)

Current density 

(mA cm
-3

)
Reference 

CC-AC 52.3 77.5 This work 

N-Co3O4-

ZABs
32.0 90  

Adv. Mater., 2017, 29, 

1602868 

NC-Co3O4-90 82 227 
Adv. Mater., 2017, 29, 

1704117 

NC-Co/CoNx 41.5 96.6  
Energy Storage Mater., 

2019, 16, 243-250 

NC-Co SA 20.9 31.0  
ACS Catal., 2018, 8, 

8961-8969 
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Figure S12. Galvanostatic discharge-charge cycling curves of Zn-air batteries using CC-AC 

as the FAE under different folding conditions compared with the normal state. 
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Figure S13. The (a) ORR and (b) OER activity of CC-AC electrode after 15 months storage 

in the air compared with the activity of the as-prepared sample. 
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Summary 

A facile two-step method, mild acid oxidation followed by air calcination, has been 

demonstrated in this chapter to directly activate commercial flexible carbon cloth to 

generate uniform, nanoporous, superhydrophilic surface structures with optimized 

oxygen-rich functional groups and a dramatically enhanced surface area. The resultant 

flexible air electrode, maintaining the original high flexibility and mechanical strength of 

carbon cloth, exhibits superior bifunctional oxygen electrocatalytic activity as well as 

excellent stability, delivering a current density of 10 mA cm-2 at an overpotential of 360 

mV for OER and achieving a high onset potential of 0.9 V vs. RHE for ORR. The practical 

application of this two-step activated carbon cloth is realized by its utilization as air 

electrode in a flexible rechargeable solid-state zinc-air battery, which achieves a high 

open circuit voltage of 1.37 V, a remarkable peak power density of 52.3 mW cm-3 at 77.5 

mA cm-3, good cycling performance with a small charge-discharge voltage gap of 0.98 V 

and high flexibility. This proposed facile strategy provides the feasibility to cost-

effectively construct high-performance self-supported metal-free electrodes in various 

electrochemical applications. 
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Chapter 4 Lateral Confined Diffusion Strategy for 

Ambient Growth of Defect-Rich, Ultrathin Metal 

Hydroxides with High Overall Water Splitting Activity 

Defect-rich, ultrathin two-dimensional (2D) transition metal oxides or hydroxides have 

attracted increasing attention as high-performance electrochemical active materials, 

because their exposed unsaturated metal atoms can provide high percentages of active 

sites to ensure high activity, and the atomic thicknesses guarantee rapid mass transport 

and superior electron transfer. Many in-situ synthesis methods such as hydrothermal 

treatment and electrodeposition have been developed to directly grow 2D ultrathin 

materials on current collectors (nickel foam, carbon cloth etc.), with strong physical 

bonding between electrode materials and substrates. However, for industrialization, these 

lab-directed synthesis methods lack precise design for the whole system to achieve high 

performance economically. For example, some electricity-intense devices are always 

required to drive the material nucleation and growth, which inevitably increases the cost 

for large-scale production. Besides, excess precursors are often consumed and chemical 

waste left in reactors, either solids or liquids, also increases the cost for chemical recycling. 

In chapter 1, we report a simple immersion method at room temperature for the 

synthesis of nickel-iron oxides/hydroxides on nickel foam with remarkably enhanced 

oxygen evolution reaction (OER) performance. In this chapter, following the immersion 

idea, a facile ion lateral confined diffusion (LCD) strategy is developed to deposit various 

defect-rich, ultrathin metal hydroxides on nickel foam, aiming to fabricate effective 

electrodes for industrialization. This LCD strategy controls ion lateral diffusion in a 
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confined zone and allows for ambient in-situ growth of ultrathin metal hydroxides 

nanosheets on Ni foam by simply immersion in an extremely small volume of metal 

nitrate aqueous solution. The LCD strategy can realize low-cost, energy-efficient, and 

green construction of high-active metal hydroxide-based electrodes. 
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Lateral Confined Diffusion Strategy for Ambient Growth of Defect-
Rich, Ultrathin Metal Hydroxides with High Overall Water Splitting 
Activity 
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and Huijun Zhao*

Low-cost construction of electrode materials with high activity and long cycling life play a crucial role in electrochemical 

energy conversion and storage. Here, we report a lateral confined diffusion (LCD) strategy for ambient in-situ growth of 

ultrathin metal hydroxides nanosheets on Ni foam (NF) realized by simply immersion in an extremely small volume of metal 

nitrate aqueous solution. This LCD strategy possesses a large REAVC (ratio of electrode area to precursor volume 

consumption) value of 2.0 cm2 mL-1, much higher than that of hydrothermal and electrodeposition methods (0.01-0.2 cm2 

mL-1). The LCD-generated ultrathin NiFe hydroxide nanosheets on NF (NiFe(OH)x/NF) exhibit remarkable activity for both 

oxygen evolution reaction (OER) and hydrogen evolution reaction (HER), which can deliver a current density of 10 mA cm-2 

at the overpotentials of 181 mV for OER and 189 mV for HER in 1 M KOH, and can afford high current densities up to 1 A cm-

2 with overpotentials of 233 mV (OER) and 539 mV (HER), respectively. A two-electrode overall water splitting device is 

assembled using NiFe(OH)x/NF as both the anode and cathode, achieving 10 mA cm-2 at 1.50 V in 1 M KOH, which can be 

powered by a commercial silicon solar cell. The in-situ Raman spectroscopy reveals the defect-rich and ultrathin feature of 

LCD-generated NiFe(OH)x nanosheets is mainly responsible for its superior activity. This LCD strategy can provide a low-cost, 

energy-efficient, and green method for construction of high-active metal hydroxide-based electrodes. 

Broader context 
The major concern on global ecology and energy security posed by the increasing fossil fuel consumption has promoted the development of sustainable and 
environment-friendly energy conversion and storage technologies based on electrochemical processes, such as water electrolysers, batteries and 
supercapacitors. Low-cost, energy-efficient, and green synthesis for effective electrode materials with high activity and long cycling life is highly demanded in 
practical large-scale applications. One concept, the ratio of electrode area to precursor volume consumption (REAVC, cm2 mL-1), is proposed to describe the 
economy of different synthesis methods. The larger the REAVC value is, the more economical the adopted synthesis method can be. Here, we report an ion 
lateral confined diffusion (LCD) strategy by controlling ion lateral diffusion in a confined zone for the synthesis of defect-rich ultrathin two-dimensional (2D) 
metal hydroxide nanosheets on Ni foam (NF). This ion LCD strategy possesses the highest REAVC value reported so far. The obtained NiFe hydroxides on NF 
exhibit remarkable electrochemical performance in overall water splitting, and the assembled two-electrode water electrolysis device can be powered by a 
commercial silicon solar cell. The defect-rich, ultrathin nature has been characterized by ex-situ and in-situ technologies to explore the origin of high activity. 
This study investigates the effect of controlling ion lateral diffusion on electrode’s microstructure and electrochemical properties. The proposed ion LCD 
strategy is promising for future electrode preparation in various electrochemical applications. 

1. Introduction

Sustainable and environment-friendly energy conversion and 

storage technologies based on electrochemical processes, such as 

water electrolysers, batteries and supercapacitors, serve as a key 

factor in alleviating the major concern on global ecology and energy 

security posed by the increasing fossil fuel consumption1-3. Especially 

water electrolysis driven by solar energy has received great attention 

over the last decades,4, 5 since the alkaline water electrolysis for 

hydrogen production, offering the advantage of simplicity, can 

overcome the intermittent nature of renewable solar energy due to 

daily and seasonal variability.6, 7 While alkali electrolysers rely greatly 

on the highly effective and stable electrode systems, normally 

composed by electrochemical active materials (e.g., electrocatalyts) 

and the current collectors (e.g., metal foam, carbon cloth, etc.).8-10 

Therefore, for large-scale and practical applications, a low-cost, 

energy-efficient, and green synthesis procedure for electrode 

fabrication is highly demanded. 

Defect-rich, ultrathin two-dimensional (2D) materials have attracted 

increasing amount of attention as high-performance electrochemical 

active materials, since extremely high percentages of active surfaces 

can be exposed on unsaturated metal sites to ensure high activity, 

and atomic thicknesses allow rapid mass transport and superior 

electron transfer.11-13 More specifically, the three non-precious 

elements, iron (Fe), cobalt (Co) and nickel (Ni)-based hydroxides, 
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oxides and their derivatives, taking the advantages of high activity 

and high crustal abundance of ca. 6.8%, have been widely used in 

various electrochemical applications, such as oxygen evolution 

reaction (OER),14, 15 hydrogen evolution reaction (HER),16, 17 and 

other advanced technologies.18-21 For instance, single-layer NiFe and 

NiCo hydroxide nanosheets were demonstrated to exhibit 

significantly higher OER activity than their bulk counterparts 

(overpotentials @ 10 mA cm-2: 302 mV vs. 347 mV and 334 mV vs. 

385 mV, respectively).15 Exfoliated Ni-Fe layered double hydroxide 

(LDH) nanosheet coupled with defective graphene exhibited high 

electrocatalytic activity for OER (210 mV overpotential @ 10 mA cm-

2) and HER (115 mV overpotential @ 20 mA cm-2) in alkaline

solution.22 However, in practice, efficient assembly and construction 

of robust electrode systems based on ultrathin and defect-rich 

materials remains challenging23. Most of 2D ultrathin materials,

prepared by post-exfoliation or wet-chemical precipitation methods,

need polymeric binders (e.g. Nafion) and conducting additive to

make an ink and coat on the substrate. These binders may hamper

the direct contact between active sites and electrolytes, resulting in 

decreased electrocatalytic activity, and may cause peeling off owing

to the weak physical contact.24, 25

Therefore, some in-situ growth methods such as hydrothermal 

/solvothermal treatment4, 26 and electrodeposition27, 28 have been 

developed to directly deposit 2D ultrathin materials on current 

collectors, which solve the above-mentioned problems by the strong 

physical bonding between electrode materials and substrates. More 

recently, we found that the OER activity of Ni foam can be enhanced 

remarkably through simple immersion in a Fe(NO3)3 solution at room 

temperature.29 During this immersion process, the oxidation of Ni 

foam surface by NO3
- ions increases the near-surface concentrations 

of OH- and Ni2+, which results in the in-situ deposition of a highly 

active amorphous NiFe hydroxide layer. However, for 

industrialization, these lab-directed synthesis methods lack precise 

design for the whole system to achieve high performance 

economically. Special devices or external electricity input are always 

required to drive the material nucleation and growth, which 

inevitably increases the cost for large-scale production. Excess 

precursors are often consumed and chemical waste left in reactors, 

either solids or liquids, also increases the cost for chemical recycling. 

One concept, the ratio of electrode area to precursor volume 

consumption (REAVC, cm2 mL-1), is proposed to describe the 

economy of different synthesis methods. For example, NiFeRu-LDH 

on Ni foam was synthesized through a hydrothermal reaction.30 One 

piece Ni foam with the size of 1 cm × 3 cm was immersed in 15 mL 

aqueous precursor solution, which makes the REAVC of this 

hydrothermal method to be 0.2 cm2 mL-1. NiFe LDH nanosheets were 

electrodeposited onto Cu nanowires supported on Cu foams, where 

the size of the employed Cu foam was 2 cm × 5 cm and the volume 

of the electrolyte was 100 mL.31 So the REAVC of this 

electrodeposition method in this work is 0.1 cm2 mL-1. To scale up 

the Cu@NiFe LDH/Cu foam electrode to 70 cm2, the volume of 

electrolyte would be increased to 700 mL according to the REAVC 

value. For the fabrication of large-size electrodes, the applied large-

volume solution can cause many problems, such as chemical waste, 

environmental pollution and cost increase. The larger the REAVC 

value is, the more economical the adopted synthesis method can be. 

Therefore, it is highly desirable to develop an efficient synthesis 

strategy with a high REAVC value for large-area electrode 

preparation in practical applications. 

Herein, we report a facile ion lateral confined diffusion (LCD) strategy 

for the synthesis of effective electrodes based on defect-rich, 

ultrathin metal hydroxides by controlling ion lateral diffusion in a 

confined zone. A piece of NF is vertically inserted in metal nitrate 

solution with the same solution width equal to 2 mm on each side. 

The NiFe hydroxides deposited on NF (NiFe(OH)x/NF) are achieved in 

the mixed aqueous solution of Fe(NO3)3 and Ni(NO3)2, Ni hydroxides 

on NF (Ni(OH)x/NF) in Ni(NO3)2, and CoNi hydroxides on NF 

(CoNi(OH)x/NF) in Co(NO3)2, respectively. These mesoporous, defect-

rich, ultrathin metal hydroxide nanosheets are in-situ formed on NF 

at ambient temperature with an ultrahigh REVAC value up to 2.0 cm2 

mL-1. To the best of our knowledge, this is the first research on ion 

diffusion controlling for electrode fabrication, and the LCD strategy 

possesses the highest REVAC value reported so far. Furthermore, the 

as-prepared NiFe(OH)x/NF electrode exhibits excellent performance 

toward overall water splitting, which can deliver a current density of 

10 mA cm-2 at the overpotentials of 181 mV and 189 mV for OER and 

HER in 1 M KOH, respectively, and can afford high current densities 

up and 1 A cm-2. The assembled two-electrode water electrolysis 

device using the synthesized NiFe(OH)x/NF electrode as both the 

anode and cathode can achieve the current density of 10 mA cm-2 at 

the voltage of 1.50 V in 1 M KOH. Solar-driven water electrolysis is 

realised by connecting the two-electrode water splitting device to a 

commercial silicon solar cell.  

2. Results and discussion

Fabrication of ultrathin M(OH)x/NF (M=Fe, Co, Ni) electrodes by 

lateral confined diffusion (LCD) strategy 

The LCD strategy is schematically shown in Fig. 1a, where a piece of 

NF (2 × 2 cm) is vertically inserted into a 3D-printed reactor filled with 

metal nitrate solution. The lateral distance between NF and the 

opposite reactor wall is precisely controlled to be 2 mm, and the 

volume of metal nitrate solution is approximately 2 mL. Three 

representative types of M(OH)x/NF electrodes were fabricated after 

simple immersion at room temperature for 24 h, without the 

assistance of special instruments or external energy input. NiFe(OH)x, 

Ni(OH)x and CoNi(OH)x were formed on NF substrate in the mixed 

aqueous solution of Fe(NO3)3 and Ni(NO3)2, Ni(NO3)2 solution, and 

Co(NO3)2 solution, respectively (see details in Supporting 

Information). Fig. 1b displays the digital photos of the bare NF and 

the as-synthesized NiFe(OH)x/NF, Ni(OH)x/NF and CoNi(OH)x/NF 

present in different colours: bright grey, flavogreen, grey and dark 

green, respectively. The easily scaled-up capability of this ion-

diffusion-controlled strategy is demonstrated in Fig. 1c and d by the 

gradually enlarged geometric areas of NFs: 2 cm × 2 cm, 5 cm × 5 cm, 

10 cm × 10 cm, and 0.3 m × 1 m. Fig. S1 shows one precisely designed 

3D-printed reactor with a hollow spiral interior for the fabrication of 

large-area NF-based electrodes, which controls the lateral distance 

between NF and the opposite reactor wall to be 2 mm and minimizes 

the volume of precursor solution. At current stage, most commonly 

used in-situ growth methods like hydrothermal method and 

electrodeposition are limited to fabricate electrodes in a lab scale, 
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normally less than 10 cm2,26-28 because big container and huge 

electricity input are required for large-scale production. In contrast, 

our LCD immersion strategy by precisely controlling ion lateral 

diffusion distance (LDD) provides a possible means to minimize the 

manufacturing cost for industrialization. Presented in Fig. 1e is the 

comparison of the REAVC value in this work with those calculated in 

previously reported literatures.26, 29-42 To the best of our knowledge, 

this LCD method possesses the highest REAVC value up to 2.0 cm2 

mL-1 reported so far, demonstrating the significant advantage of 

reducing cost for large-scale synthesis. 

Fig. 1a also illustrates the possible formation mechanism and 

microstructure of the electrodes. Several surface reactions are 

employed, such as ion (NO3
-, H+) reduction and oxygen (O2) reduction, 

to generate hydroxide ions (OH-) (e.g. Eq. 1-3), resulting in the 

increase of local pH value near the NF surface and driving the 

deposition of metal hydroxides. Meanwhile, the NF oxidation 

simultaneously occurs to give rise to Ni2+ ions in the solution (e.g. Eq. 

4), which will be deposited on NF when enough OH- ions are 

accumulated. The NF here serves as not only the structure scaffold, 

but also the source to provide active species (Ni2+).29, 39, 43, 44 

NO3
- + 2H+ + 2e- → NO2

- + H2O      (1) 

O2 + 2H2O + 4e- → 4OH- (2) 

2H+ + 2e- → H2     (3) 

Ni0 - 2e- → Ni2+ (4) 

As displayed in Fig. 2 and S2-S6, the in-situ formed metal hydroxide 

layers of NiFe(OH)x/NF, Ni(OH)x/NF and CoNi(OH)x/NF were 

characterized by scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), atomic force microscopy (AFM), X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and 

Raman spectra. The SEM images (Fig. 1a-c) show that uniform 

NiFe(OH)x, Ni(OH)x and CoNi(OH)x nanosheets are all vertically 

aligned and tightly attached onto the NF surface. The hydroxide layer 

thicknesses from cross sections (insets of Fig. 2a-c) are about 2 μm 

for NiFe(OH)x, 1.5 μm for Ni(OH)x and 1.5 μm for CoNi(OH)x, 

respectively. The weak and broad peaks in their XRD patterns (Fig. 

S2), corresponding to the characteristic peaks of α-phase Ni(OH)2 

(JCPDS 38-0715),39 indicate that these in-situ formed hydroxides at 

room temperature have relatively low crystallinity. The interlayer 

spacing of the three hydroxides is calculated to be ca. 0.779 nm from 

the (003) diffraction peaks. Fig. S3a shows the bright-field TEM 

images of NiFe(OH)x nanosheets which exhibit the porous and 

rippled nanosheet structure. The inset is the corresponding selected-

area electron diffraction pattern (SAED), showing the polycrystalline 

nature. The high-resolution transmission electron microscopy 

(HRTEM) image in Fig. S3b reveals that the NiFe(OH)x nanosheets 

have an interlayer distance of ca. 0.778 nm for (003) lattice fringes in 

agreement with the XRD results. Fig. 2d and e are the atomic-

resolution high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) images of ultrathin NiFe(OH)x 

nanosheets. Marked by circles in Fig. 2d are the defects generated in 

plane, which can expose unsaturated metal atoms and serve as 

active sites. The inset in Fig. 2d confirms the thickness of one 

nanosheet to be ca. 1.9 nm. Fig. 2e exhibits that one nanosheet is 

comprised of a large proportion of ultrasmall crystalline nano-

domains and crystal boundaries (marked by dash lines). The STEM 

EDX elemental mapping (Fig. 2f) indicates the homogeneous 

distribution of Fe, Ni and O elements over the NiFe(OH)x/NF 

nanosheets, giving the atom ratio of Ni to Fe to be ca. 3:1. Fig. 2g-i 

display the AFM images and height profiles of NiFe(OH)x/NF, 

Ni(OH)x/NF and CoNi(OH)x/NF nanosheets. The thicknesses of the 

sonicated NiFe, Ni and CoNi hydroxides are ca. 2 nm, 1.5 nm and 0.7 

nm, respectively, almost double and single layer of metal hydroxides. 

To gain insights into the surface oxidation states and chemical 

compositions, XPS measurement was performed on the three 

electrodes. Fig. S4 shows the high-resolution Ni2p spectra (Ni2p1/2 

and Ni2p3/2 with the corresponding satellite peaks assigned to Ni2+) 

for NiFe(OH)x/NF, Ni(OH)x/NF and CoNi(OH)x/NF, respectively. 

Compared with that of pure Ni(OH)x, the Ni2p binding energies of 

NiFe(OH)x and CoNi(OH)x have slight positive shifts, suggesting that 

Fe and Co incorporating can modulate the electronic structure of Ni 

centers.45, 46 The Fe species in NiFe(OH)x/NF and Co species in 

CoNi(OH)x were found in the oxidation states of +3 and +2, 

respectively, according to the high-resolution Fe2p and Co2p spectra 

in Fig. S5.38, 46 The atom ratio of Ni to Fe in NiFe(OH)x/NF is calculated 

to be ca. 3:1 by XPS analysis which is consistent with the result from 

STEM-EDX elemental mapping, and the atom ratio of Co to Ni in 

CoNi(OH)x/NF is ca. 4:1. Further, Raman spectroscopy was also 

conducted to characterize the phase composition of NiFe, Ni and 

CoNi hydroxides on NF, as shown in Fig. S6. In particular, for 

Ni(OH)x/NF, the peak observed at 463 cm-1 can be attributed to the 

symmetric Ni-OH stretching mode, and the peak located at 524 cm-1 

is associated with the vibrations of the Ni-O stretching mode with 

structural defects or crystalline disordering.47, 48 This relative low-

intensity peak around 524 cm-1 together with the peak at 3658 cm-1, 

assigned to O-H stretching, confirm that well-crystallized α-Ni(OH)2 

were formed on NF rather than β-Ni(OH)2.47, 48 The three distinct 

peaks for NiFe(OH)x/NF (457, 539, 3645 cm-1) and CoNi(OH)x/NF (459, 

524, 3638 cm-1) also prove that they both have α-phase crystalline, 

corresponding to the XRD results. Specifically, the peaks of 

NiFe(OH)x/NF at 457 cm-1 and 3645 cm-1 are ascribed to Ni-O 

stretching and O-H stretching, respectively; meanwhile, the peak at 

545 cm-1 shifts positively with a higher intensity compared to that of 

Ni(OH)x/NF, indicating that the NiFe hydroxides are disordered or 

defective.28, 48 Similarly , CoNi(OH)x/NF has two peaks at 459 cm-1 and 

3638 cm-1 attributed to Ni-O stretching and O-H stretching 

respectively, and one strong peak at 524 cm-1, indicating the 

increased amount of structural defects49.  

To clarify the effect of ion lateral diffusion distance (LDD) on final 

products, we intentionally controlled the solution width on each side 

of NF to be 1, 2, 4 and 20 mm, respectively (as shown in Fig. 3a). The 

surface structure and morphology change of NF after immersion in 

the mixed aqueous solution of 20 mM Fe(NO3)3 and 100 mM Ni(NO3)2 

for 1 hour is discussed here in detail as a representative model. 

Reduced ion LDD can facilitate faster accumulation of OH- to reach 

the critical pH value for the precipitation of metal hydroxides. The 

solubility products (Ksp) of Fe(OH)3, Ni(OH)2 and Co(OH)2 are 2.79 × 

10-39, 5.48 × 10-16 and 5.92 × 10-15, respectively, and Fe3+ will deposit

first at a lower pH value. Fig. 3b-e show the SEM images of 

NiFe(OH)x/NF electrodes obtained after immersion for 1 hour with

different ion LDD. The analysis for the surface change of these four

electrodes are conducted accompanied with XPS results (Fig. 3f and
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g), where the atom ratios of Ni to Fe are calculated (Fig. 3h). The NF 

electrodes immersed in reactors with smaller LDD of 1 mm, 2 mm 

and 4 mm all exhibit nanosheet structures, demonstrating the 

formation of NiFe double hydroxide layers on NF (Fig. 3b-d). 

Additionally, the NF after immersion in 2 mm reactor has a visibly 

denser nanosheet layer with smaller open pore size and the highest 

Ni:Fe atom ratio of 3.0 (Fig. 3c, h). In contrast, the NF electrode 

prepared with 20 mm LDD does not show any nanosheet 

microstructure but a layer of cemented nanoparticles with cracks (Fig. 

3e). When the LDD is decreased from 20 mm to 1 mm, Ni:Fe atomic 

ratio increased from 0.9 for 20 mm to 1.9 for 4 mm, and then reached 

the highest value of 3.0 for 2 mm, followed by a decrease to 1.4 for 

1 mm. Higher Fe content of the electrodes with 1 mm and 20 mm 

shifts the Ni 2p and Fe 2p peaks to more positive positions compared 

with the electrodes with 2 mm and 4 mm (Fig. 3f and g). Raman 

spectra (Fig. 3i) were also performed to display the structure changes 

when decreasing the ion LDD. The increased intensity of the peak 

around 543 cm-1 for 2 mm compared with others indicates the 

increased amount of structural defects. 

In-situ and ex-situ AFM imaging was conducted to further investigate 

the surface morphology change during the ambient immersion 

process of LCD methods (Fig. S10, 11). Ni foil (1 cm × 1cm) was used 

as the substrate as Ni foil has a relatively flat 2D surface, rather than 

a 3D porous structure of Ni foam, which is more suitable for AFM 

imaging. Fig. S10a and b exhibits the photograph of a reaction cell 

and the schematic of the in-situ AFM setup equipped with a 

cantilever and a probe, respectively. The solution height above the 

Ni foil is controlled to be about 2 mm. The AFM image of the pristine 

Ni foil surface after physical grinding was shown in Fig. S10c, which 

has a smooth surface with deep ditches and sharp edges. Fig. S10 (d-

h) are the in-situ AFM images of Ni foil after immersion for 20, 45, 65, 

105 and 145 mins, respectively, showing the gradual growth process 

of NiFe(OH)x on Ni foil (see details in Supporting Information). Fig. 

S11 displays the ex-situ AFM images of Ni foil after immersion for 0, 

10, 20, 30, 60 and 120 min, respectively.  

Based on the above discussion, an ion LDD of 2 mm is the best option 

for the fabrication of NF-based electrodes by this LCD immersion 

strategy. The 2 mm LDD can endow NiFe(OH)x nanosheets with 

optimized nanostructure and composition to provide more defects 

and active sites accessible to electrolyte. If not stated otherwise, the 

3D-printed reactors with 2 mm LDD are used in this work for the 

preparation of high-performance electrodes, including NiFe(OH)x/NF, 

Ni(OH)x/NF and CoNi(OH)x/NF. Fig. S8 shows the SEM images of Ni 

foam after immersion in 400 mM Ni(NO3)2 and 400 mM Co(NO3)2 for 

2 hours with LDD of 2 mm. 

 

Overall water splitting of NiFe(OH)x/NF electrode 

The electrocatalytic activity of the as-synthesized NiFe(OH)x/NF 

electrode by ion LCD strategy towards OER and HER in alkaline media 

were evaluated and shown in Fig. 4. Here, we compare the catalytic 

activity of our NiFe(OH)x/NF-LCD electrode with that of previously 

reported NiFe LDH deposited on NF by hydrothermal method (NiFe 

LDH/NF-HT)4 to illustrate the advantage of the proposed ion LCD 

strategy. From the OER Linear Sweep Voltammetry (LSV) curves 

obtained in a three-electrode electrochemical cell with O2-saturated 

1 M KOH as electrolyte (Fig. 4a), NiFe(OH)x/NF-LCD exhibits superior 

OER performance to NiFe LDH/NF-HT, 20 wt% Ir/C coated on NF and 

bare Ni foam, requiring lower overpotentials of 181 mV and 233 mV 

to achieve the current densities of 10 and 100 mA cm-2, respectively. 

Fig. 4b manifests that the Tafel slop of NiFe(OH)x/NF-LCD (30.2 mV 

dec-1) is considerably smaller than those of NiFe LDH/NF-HT (46.6 mV 

dec-1), Ir/C (76.5 mV dec-1) and Ni foam (66.7 mV dec-1). The smaller 

Tafel slop of NiFe(OH)x/NF-LCD indicates that the defect-rich, 

ultrathin feature introduced in NiFe(OH)x nanosheets via ion LCD 

strategy facilitates the kinetics of OER process. The electrochemical 

impedance spectroscopy (EIS) analysis (Fig. S14) demonstrates a 

smaller charge transfer resistance of NiFe(OH)x/NF-LCD than NiFe 

LDH/NF-HT. The effect of ion LDD on the OER performance is studied 

in Fig. S15, revealing that the electrode prepared with 2 mm LDD 

promotes the best electrocatalytic activity. Furthermore, the 

NiFe(OH)x/NF-LCD electrode possesses an excellent HER 

performance in N2-saturated 1 M KOH solution (as shown in Fig. 4c), 

which needs 189 mV and 290 mV to achieve 10 and 100 mA cm-2, 

respectively, lower than those of NiFe LDH/NF-HT and bare Ni foam. 

For industrial applications, OER and HER electrodes are required to 

deliver very high current densities ( ≥ 500 mA cm-2) at low 

overpotentials while keeping mechanical robustness and prolonged 

durability during strong gas evolution.27, 50 Hence, we investigated 

the OER and HER performance at high current densities up to 1 A cm-

2. Compared with NiFe LDH/NF-HT, NiFe(OH)x/NF-LCD electrode only 

needs the overpotenials of 267 mV and 565 mV to afford the current 

density of 1 A cm-2 in 1 M KOH towards OER and HER at ambient 

temperature, respectively. The overpotentials even decreased to 233 

mV for OER and 539 mV for HER when the water electrolysis is 

operated at a higher temperature of 60 °C. The stability of 

electrocatalyst is very important for a practical water-splitting device. 

Impressively, the NiFe(OH)x/NF-LCD electrode exhibited outstanding 

durability with no obvious activity loss observed during 20 hours of 

chronopotentiometric tests at 0.5 and 1 A cm-2 for OER and HER, 

respectively (Fig. S16 and S17).  

The remarkable OER and HER activity inspire us to evaluate the 

overall water splitting performance using NiFe(OH)x/NF as both the 

anode and cathode in a two-electrode system (Fig. S18). As shown in 

Fig. 4e, the assembled two-electrode overall water splitting device 

can achieve the current density of 10 mA cm-2 at the voltage of 1.50 

V in 1 M KOH (and 100 mA cm-2 at 1.71 V in 6 M KOH), which 

outperforms most state-of-the-art non-noble metal bifunctional 

electrocatalysts for alkaline overall water splitting (Fig. 4f and Table 

S2). Further, this water electrolysis device can be powered by a 

commercial Si solar cell under AM 1.5-G 100 mW cm-2 simulated 

sunlight, as shown in the schematic diagram in Fig. 4g and Movie S1. 

The current-voltage response of the Si solar cell is depicted in Fig. 4e, 

yielding an open circuit potential of 2.25 V. The operating current of 

this combined system can be predicted to be about 80 mA by the 

intersection of the current-voltage curves for the Si solar cell and the 

two-electrode configuration. The current-time response was 

collected on the solar cell-driven two-electrode overall water 

splitting under chopped simulated illumination lasting for 50 min (Fig. 

4g), which confirmed the operating current of ~80 mA and good 

stability.  

In-situ Raman spectroscopy under OER 
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In-situ Raman spectroscopy of NiFe(OH)x/NF-LCD electrode under 

OER conditions compared with NiFe LDH/NF-HT electrode was 

performed to investigate how the defect-rich ultrathin 

characteristics affect OER activity. The Raman spectra of 

NiFe(OH)x/NF-LCD in 1 M KOH measured in the overpotential range 

of -100 mV to 200 mV are shown in Fig. 5a and b. Before the 

overpotential of 125 mV (corresponding to the start of nickel 

oxidation, Fig. 4a), the spectra have two peaks located at ca. 450 and 

530 cm-1, which are consistent with the A1g stretching modes of Ni-

OH (ν(Ni2+-OH)) and Ni-O (ν (Ni2+-O)), respectively.47, 48, 51 The peaks 

at ca. 1060 and 1640 cm-1 are attributed to the characteristics of 

intercalated nitrate ions (NO3
-) and water, respectively.52 When the 

applied overpotential is higher than 125 mV, the α phase Ni(Fe) 

hydroxide can be easily deprotonated at high pH solution and the 

transition of α phase to γ phase takes place, which promotes the 

evolution of the two peaks at ca. 472 and 556 cm-1, attributed to the 

eg bending vibration and the A1g stretching vibration of Ni-O in γ-

NiOOH.53-56 Additionally, the intensity of NO3
- peak decreases (Fig. 

5b), suggesting the replacement of NO3
- with OH- by applying more 

positive potentials.52 Surprisingly, rather broad peaks in the region of 

ca. 860 to 1230 cm-1 appear along with the formed γ-NiOOH, which 

are associated with the generation of negatively charged sites (NiOO-) 

by deprotonation of nickel oxyhydroxide and defined as “active 

oxygen”.54, 57 It is believed that the “active oxygen” species can act as 

OER precursor related to enhanced OER activity. In contrast, the 

Raman spectra of NiFe LDH/NF-HT electrode shows the appearance 

of δ (Ni3+-OH) and ν (Ni3+-OH) peaks at a higher overpotenials above 

175 mV (Fig. 5c), and their intensity are much lower than those of 

NiFe(OH)x/NF-LCD electrode. Furthermore, in the region of ca. 860 to 

1230 cm-1, no evident peaks are observed except that of NO3
- ions 

(Fig. 5d), indicating little “active oxygen” species are formed. It is 

worth noting that we didn’t measure the surface enhance Raman 

spectroscopy (SERS) during the OER process by applying a gold 

electrode, implying that our defect-rich, ultrathin NiFe(OH)x 

nanosheets grown on NF by LCD strategy can significantly facilitate 

the formation of “active oxygen” species.  

Based on the enhanced OER activity and easily generated “active 

oxygen” species compared to NiFe LDH/NF-HT electrode, one OER 

mechanism is proposed on the defect-rich ultrathin NiFe(OH)x 

nanosheets based on Fe-centered active site and four proton-

coupled electron transfer (PCET). A large portion of defects over the 

nanosheets can expose more Fe atoms at the defects or edges, which 

is responsible for the enhanced OER activity.58 When the applied 

overpotentials are higher than 125 mV, the NO3
- ions existing 

between NiFe(OH)x layers will be repelled by the intercalation of OH- 

ions with the simultaneously formation of Ni3+, Fe4+ and “active 

oxygen” species (NiOO-) (Fig. 5e). The OER reaction begins with the 

adsorption of OH- on cis-dihydroxoiron (IV).59 In the first step, one 

electron will transfer and a hydroxo ligand (OH*) is produced (Eq.5). 

The negatively charged “active oxygen” species NiOO- can attract 

proton strongly and facilitate the splitting of OH* into O* and H+ 

when the second OH- absorbed on OH* (Step 2, Eq.6), lowering the 

activation energy for the generation of the intermediate O*. Then, a 

third OH- in solution will attach on O* to generate OOH* (Step 3, 

Eq.7), also facilitated by NiOO-, followed by a fourth OH- adsorption 

to release O2 (Step 4, Eq.8).59, 60  

OH- → OH* + e- (5) 

OH* + OH- → O* + H2O + e-         (6) 

O* + OH- → OOH* + e- (7) 

OOH* + OH- → O2 + H2O + e-      (8)

3. Conclusions

In summary, we studied the effect of controlling ions lateral diffusion 

distance (LDD) in a confined zone on the microstructure and 

electrochemical properties of metal hydroxides grown on nickel 

foam. The proposed lateral confined diffusion (LCD) strategy 

provides a facile, low-cost, energy-effective, and green in-situ 

synthesis of metal hydroxides with a high REVAC value of 2 cm2 mL-1 

at room temperature, which can be easily scaled up. Ex-situ and in-

situ characterization demonstrate the defect-rich, ultrathin nature of 

NiFe(OH)x nanosheets. The obtained NiFe(OH)x/NF electrode exhibits 

outstanding performance in the application of overall water splitting. 

A two-electrode water electrolysis device is assembled using 

NiFe(OH)x/NF as both the anode and cathode, which can achieve the 

current density of 10 mA cm-2 at the voltage of 1.50 V in 1 M KOH 

and can be powered by a commercial silicon solar cell. In-situ Raman 

spectroscopy reveals that the enhanced OER activity originates from 

the generation of negatively charged “active oxygen” species (NiOO-) 

induced by LCD strategy compared to hydrothermal method. The 

generality of this LCD strategy for electrode preparation is 

demonstrated by the successful fabrication of Ni(OH)x/NF and 

CoNi(OH)x/NF electrodes applied in asymmetric supercapacitors (Fig. 

S22-26). Our findings provide new insights into the in-situ growth of 

materials on substrates, and have reference significance for the 

traditionally commonly-used preparation approaches such as 

hydrothermal method and electrodeposition. It is believed that this 

ion-diffusion-controlling strategy is promising for the future 

synthesis of active materials on different substrates for various 

electrochemical applications.  
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Fig. 1. (a) Schematic illustration of lateral confined diffusion (LCD) strategy. (b) Photographs of Ni foam (NF) and LCD-prepared 
electrodes: NiFe(OH)x/NF, Ni(OH)x/NF and NiCo(OH)x/NF. (c, d) LCD-prepared NiFe(OH)x/NF electrodes with enlarged geometric areas: 
4, 25, 100 cm2 and 0.3 m2 (e) REAVC (the ratio of electrode area to the precursor volume consumption) values of LCD method for 
NiFe(OH)x/NF fabrication and other reported methods (e.g., hydrothermal growth and electrodeposition). 
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Fig. 2. (a-c) SEM images of (a) NiFe(OH)x/NF, (b) Ni (OH)x/NF and (c) CoNi(OH)x/NF. (d, e) Atomic-resolution HAADF-STEM of ultrathin 
NiFe(OH)x nanosheet, the inset image showing the thickness, the circles and dash lines indicating the hole defects and possible crystal 
boundaries. (f) STEM-EDX elemental maps of NiFe(OH)x nanosheet. (g-i) AFM images and height profiles of NiFe(OH)x, Ni(OH)x and 
CoNi(OH)x nanosheets, respectively. The scale bars are 200 nm. (j) Schematic representation of morphology of LCD-prepared defect-
rich ultrathin metal hydroxide nanosheets on nickel foam. 
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Fig. 3. (a) Schematic diagram of the LCD reactors with different lateral diffusion distance (LDD) perpendicular to Ni foam. (b-e) SEM 
images of NiFe(OH)x/NF obtained after immersion in 20 mM Fe(NO3)3 and 100 mM Ni(NO3)2 solution for 1 hour with different LDD. (f-
i) XPS spectra of (f) Ni 2p and (g) Fe 2p region, (h) Ni/Fe atomic ratio and (i) Raman spectra of above NiFe(OH)x/NF electrodes prepared 
by different LDD. 
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Fig. 4. (a) OER performance and (b) Tafel plots of NiFe(OH)x/NF-LCD, NiFe LDH/NF-HT, Ni foam and Ir/C. (c) HER performance of 
NiFe(OH)x/NF-LCD, NiFe LDH/NF-HT, Ni foam and Pt/C. (d) OER and HER performance under high current density of NiFe(OH)x/NF-LCD, 
NiFe LDH/NF-HT at room temperature and 60 ºC. (e) Overall water splitting performance of NiFe(OH)x/NF-LCD (1 cm2) in both 1 M and 
6 M KOH at room temperature, and the dash line showing the I-V curve of a commercial silicon solar cell (16 cm2). (f) The comparison 
of overall water splitting voltage (@ 10 mA cm-2) of NiFe(OH)x/NF-LCD with reported advanced bifunctional electrodes. (g) The I-t curve 
of solar cell-driven two-electrode overall water splitting by using NiFe(OH)x/NF-LCD electrode. 
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Fig. 5. (a-d) In-situ Raman spectra of (a, b) NiFe(OH)x/NF-LCD and (c, d) NiFe LDH/NF-HT during the OER processes. (e, f) Schematic 
illustration of active oxygen formation and (f) OER mechanism of defect-rich ultrathin NiFe(OH)x nanosheets. 
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Experimental methods 

Synthesis of NiFe(OH)x/NF. A piece of Ni foam (NF, 99.99%, 2 cm × 2 cm, thickness: 1.6 mm, bulk density: 0.2 g cm -3) was cleaned 

ultrasonically to remove the NiOx layer on the surface in 3M HCl aqueous solution for 15 min and then in absolute ethanol for 10 min, 

followed by rinsing with deionized water and absolute ethanol for three times respectively, and drying in vacuum oven for 6 h ours. In 

a typical synthesis, Fe(NO3)3·9H2O (16.2 mg, 0.04 mmol) and Ni(NO3)2·6H2O (58.2 mg, 0.2 mmol) were dissolved in 2 mL deionized 

water and moved into a 2.4 mL 3D-printed reactor (Inside length: 20 mm, width: 5.6 mm, height: 21 mm) by a Makergear M3 3D 

printer. The pH value of this aqueous solution is about 2.12. Then the as-prepared Ni foam was inserted vertically into the middle part 

of the 3D-printed reactor and immersed in the above solution, keeping an exactly 2 mm distance between Ni foam surface and the 

opposite inner wall of the reactor. The 3D-printed reactor was sealed and left at room temperature (23 °C ± 2 °C) for a certain time 

(e.g. 1 min, 10 min, 1 h, 6 h, 12 h, 24 h). Then the reacted Ni foam electrode was carefully withdrawn from the reactor, rins ed with 

deionized water and absolute ethanol three times respectively, and dried in vacuum oven overnight for further characterization. The 

as-prepared Ni foam electrodes can be denoted as NiFe(OH)x/NF.  

Synthesis of Ni(OH)x/NF and CoNi(OH)x/NF. The procedure for the synthesis of Ni(OH)x/NF and CoNi(OH)x/NF were the same as that 

of NiFe(OH)x/NF, except that different amounts of Ni(NO3)2·6H2O or Co(NO3)2·6H2O were added.  

Physical characterization 

The morphologies and structures of as-prepared Ni foam electrodes were characterized by scanning electron microscopy (SEM, JSM-

7001F) and transmission electron microscopy (TEM, Philips Tecnai F20). X-ray diffraction (XRD) patterns were obtained on a Bruker D8 

Advance diffractometer equipped with a graphite monochromator. A Renishaw inVia spectrometer with exciting laser at 532 nm was 

employed to obtain the Raman spectra. X-ray photoelectron spectra (XPS) were performed using a Kratos Axis ULTRA featuring a 165 

mm hemispherical electron energy analyser. The in-situ scanning probe microscopy (SPM) of the surface change of Ni plate under fluid 

was conducted on a Bruker Dimension Icon using a ScanAsyst-fluid probe. The wetting ability of the Ni foam electrode surface was 

characterized by surveying the contact angles of the 1M KOH electrolyte. In a typical measurement, a 3 μl droplet of 1M KOH solution 

was dropped on the surface of electrodes and the contact angle was measured by a KRUSS Drop Shape Analyzer (DSA25) at room 

temperature in ambient air. 

In-situ and ex-situ AFM in liquid 

In-situ AFM measurement was conducted on a Bruker Dimension Icon device using a Scanasyst-in-fluid mode. Ni foil (1 cm × 1cm) was 

used as the substrate instead of Ni foam because Ni foil has a relative flat 2D surface not a 3D porous structure, which is b etter for 

AFM imaging. The Ni foil was attached to the bottom of a 3D-printed cell by double-side tape and the mixed solution of 20 mM 
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Fe(NO3)3 and 100 mM Ni(NO3)2 was added. The solution height above the Ni foil was controlled to be about 2 mm. Fig. S11a shows a 

digital photo of the Bruker AFM instrument and the 3D-printed cell containing the Ni foil and mixed solution. Before the addition of 

Fe(NO3)3 and Ni(NO3)2, the Ni foil was cleaned by sonication in 3M HCl solution and ethanol for 15 min respectively, and then ground 

with sandpaper and washed with ethanol to expose fresh Ni0 surface. The ex-situ AFM image of the pristine Ni foil and the in-situ AFM 

images of Ni foil under 20 mM Fe(NO3)3 and 100 mM Ni(NO3)2 were recorded with time.  

Electrochemical characterization 

Electrocatalysis. The oxygen evolution reaction (OER) activities were carried out in a standard three-electrode system with a CHI 660E 

electrochemical workstation. The as-prepared NiFe/NF electrodes (cut into 1 cm × 2 cm with 1 cm × 1 cm left as the geometric testing 

area, separated by applying Boyle glue on the upper part of electrodes) were used directly as the working electrode without f urther 

treatment. A graphite rod and a Hg/HgO electrode were utilized as counter and reference electrode, respectively. Cyclic 

voltammogram and OER polarization curves were recorded at a scan rate of 5 mV s -1 in both 0.1 M and 1 M KOH solution in the 

potential range of 0~0.8 V vs. Hg/HgO, and polarization curves at 1 mV s-1 in 1 M KOH between 0.1 V and 0.8 V. Before recording, the 

potential of NiFe/NF electrodes was scanned for 10 cycles in KOH solutions until a stable cyclic voltammogram was recorded. A ll 

potentials displayed in this work were converted to the reversible hydrogen electrode (RHE) scale using the following equation: ERHE = 

EHg/HgO + 0.059 pH + 0.098 V. The polarization curves were corrected with 95% iR compensation and Tafel slopes were derived from 

OER polarization curves at a scan rate of 1 mV s-1. Electrochemical impedance spectroscopy (EIS) was performed in a frequency range 

from 100 kHz to 0.1 Hz at 0.7 V with an amplitude of 5 mV. The OER electrocatalytic stabilities of the Ni foam electrodes wer e 

conducted using chronopotentiometry at a current density of 20 mA cm -2 and 50 mA cm-2 for 24 h in 1 M KOH, respectively. 

Electrochemically active surface area (ECSA) 

Cyclic voltammetry (CV) measurements were carried out in 1 M KOH to probe the electrochemical double layer capacitance (C dl) of 

bare NF and NiFe(OH)x/NF electrodes at non-faradaic overpotentials as the means of estimating the corresponding ECSAs. In detail, a 

series of CV measurements were performed at various scan rates (ν: 5, 10, 20, 50, 100 and 200 mV s -1) between 0.10 V and 0.20 V vs. 

Hg/HgO. The double layer capacitance (Cdl) was estimated by plotting the J = (Ja - Jc) at 0.15 V vs. Hg/HgO against the scan rate. The 

linear slope is twice of the double layer capacitance Cdl.  

For the estimation of ECSA, a specific capacitance value Cs = 0.040 mF cm-2 in 1 M NaOH solution is adopted from a previous report.[1] 

The ECSAs of the various electrodes can be calculated according to the following equation (1).  

ECSA = Cdl / Cs      (1) 

In-situ Raman spectroscopy under oxygen evolution reaction (OER) conditions 
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The in-situ Raman spectra are collected on a Renishaw inVia spectrometer with exciting laser at 532 nm. In 1 M KOH, NiFe(OH) x/NF-

LCD and NiFe LDH/NF-HT are directly used as working electrode, graphite rod as counter electrode and Hg/HgO as reference electrode, 

respectively. 

Supercapacitors 

The electrochemical performance of Ni/NF and CoNi/NF electrodes was first measured on an electrochemical workstation CHI 660E  in 

a standard three-electrode configuration containing 1 M KOH aqueous solution, using the prepared electrodes (1 cm × 1 cm) directly 

as the working electrode, and graphite rod and Hg/HgO as the counter and reference electrode respectively. The cyclic voltamm etry 

(CV) were acquired in a potential range between 0.1 and 0.65 V for Ni/NF and -0.1 to 0.5 V for CoNi/NF at different scan rates, and the

charge/discharge processes were performed by cycling the potential from 0 to 0.6 V for Ni/NF and 0 -0.5 V for CoNi/NF at different 

current densities in a 1 M KOH aqueous electrolyte. EIS was performed in a frequency range from 100 kHz to 0.01 Hz at open circuit 

potentials with an amplitude of 5 mV. The specific capacitance (C) of the electrodes was calculated by C = It/SV, where I is the discharge 

current (A), V is the discharge voltage (V), t is the discharge time (s), and S is the geometric area of the electrode (1 cm2). 

Rechargeable aqueous asymmetric supercapacitors (ASCs) were assembled using Ni/NF-24h and CoNi/NF-24h (1 cm × 1 cm) as the 

positive electrodes and NGO/NF as the negative electrode, respectively. The negative electrode NGO/NF was fabricated by pressing 

commercial nitrogen-doped graphene oxide (NGO) between two pieces of NF with the area of 1 cm × 1 cm. 1 M KOH solution and 

Nyron filter paper were used as electrolyte and separator, respectively. The electrochemical measurements of the ASCs were carried 

out in a two-electrode system, where CV and GCD curves were obtained with the voltage increased up to 1.6 V. EIS was performed in 

a frequency range from 100 kHz to 0.01 Hz at open circuit potentials with an amplitude of 5 mV. The cyclic stability was evaluated by 

GCD measurements at a current density of 50 mA cm-2 for over 10000 cycles. The energy density (E) and power density (P) were 

calculated according to the following equations: E = 1/2 CV2 and P=E/Δt. Here, C is the areal capacitance obtained from discharge 

curve, V is the potential window and Δt is discharge time. 
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Fig. S1. Demonstration of one spiral reactor printed by Makergear M3 3D printer for large-scale synthesis of Ni foam-based electrodes. 
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Fig. S2. XRD patterns of bare Ni foam, NiFe(OH)x/NF, Ni(OH)x/NF and CoNi(OH)x/NF. Red bars correspond to the characteristic peaks 

of PDF #38-0715. 
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Fig. S3. (a) TEM and (b) HRTEM images of NiFe(OH)x nanosheets. The inset in (a) shows the selected area diffraction pattern.  
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Fig. S4. High-resolution XPS spectra of Ni 2p for NiFe(OH)x/NF, Ni(OH)x/NF and CoNi(OH)x/NF. 
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Fig. S5. High-resolution XPS spectra of Fe 2p for NiFe(OH)x/NF (a) and Co 2p for CoNi(OH)x/NF (b). 
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Fig. S6. Raman spectra of NiFe(OH)x/NF, Ni(OH)x/NF and CoNi(OH)x/NF. 
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Fig. S7. (a-d) SEM images of Ni foam after immersion in only 20 mM Fe(NO3)3 solution for 1 hour in the 3D printed reactors with lateral 

diffusion distance: 1 mm, 2 mm, 4 mm and 20 mm, respectively. The insets show the thickness of synthesized NiFe(OH) x layer. The 

scale bars in (b-d) and the insets are the same as those in (a) and the inset. 
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Fig. S8. SEM images of Ni foam after immersion in the 400 mM Ni(NO3)2 (a) and 400 mM Co(NO3)2 (b) for 2 hours in 2 mm OH- LCD 

reactors with the insets showing the thickness of the formed Ni hydroxides and CoNi double hydroxides, respectively. 
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Fig. S9. SEM images of (a, b, c) NF immersed in 20 mM Fe(NO3)3 aqueous solution, and (d, e, f) NF immersed in 20 mM Fe(NO3)3 and 

100 mM Ni(NO3)2 mixed solution for 1 min, 10 min and 1 h  

The effect of immersion time on the morphology evolution was also studied. As shown in Fig. S9, compared with in only 20 mM 

Fe(NO3)3 solution, NF immersed in the mixed solution of 20 mM Fe(NO3)3 and 100 mM Ni(NO3)2 can grow NiFe(OH)x nanosheet faster 

at 10 min, and with prolonged immersion time, an increasing number of nanosheets were deposited on NF.  
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Fig. S10. In-situ AFM observation of the dynamics of Ni foil surface after immersion in 20 mM Fe(NO3)3 and 100 mM Ni(NO3)2 mixed 

solution. (a) Digital photo of a 3D-printed cell on the Bruker AFM instrument. (b) Schematic of the in-situ AFM setup equipped with a 

cantilever and a probe. The grey bar represents Ni foil and the yellow colour represents electrolyte. (c -h) AFM images of bare Ni foil 
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and those after immersion for 20, 45, 65, 105 and 145 mins, respectively. (i-k) Height profiles at the corresponding position as marked 

in (c) by number 1, 2, 3 and dot line. 

It is evident that the Ni foil surface morphology has changed significantly with the surface gradually turning rougher . The oxidation of 

Ni0 by NO3
- proceeds preferentially at the edges in ditches due to the larger strain, which can be validated in Fig. S10d -f where the 

ditch was been filled with a growing particle as marked by an arrow from 20 min to 65 min. With a  longer immersion time and continual 

reaction from 105 min to 145 min, the Ni foil was covered by a layer of NiFe(OH) x film with decreased height difference between the 

surface and the ditch (Fig. S10 g and h). Fig. S10i-k show the change of height profiles at the corresponding positions as marked in Fig. 

S10c by number 1, 2, 3 and dot line. At position 1 (Fig. S10i), the height difference between a peak (Distance at ca. 2.5 μm)  and a valley 

(Distance at ca. 3.4 μm) decreased from 640 nm at 20 min to 400 nm at 145 min. At Position 2 and 3, the decrease of height difference 

is even more obvious. In Fig. S10j, the height difference between one peak (Distance at ca. 2.3 μm) and one valley (Distance at ca. 3.9 

μm) at 20 min was 490 nm, which declined to 200 nm when the immersion time prolonged to 145 min. In Fig. S10k, the 580 nm height 

difference at 20 min dropped to 125 nm at 145 min between one peak (Distance at ca. 2.5 μm) and one valley (Distance at ca. 3 .2 μm). 
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Fig. S11. Ex-situ AFM images of Ni foil immersed in 20 mM Fe(NO3)3 and 100 mM Ni(NO3)2 mixed solution after 0, 10, 20, 30, 60 and 

120 min. Fig. b-f have the same scale bar as that in a. 

Fig. S11 shows the ex-situ AFM images of Ni foil immersed in 20 mM Fe(NO3)3 and 100 mM Ni(NO3)2 mixed solution after 0, 10, 20, 30, 

60 and 120 min, respectively. As can be seen, after 10 min immersion, the sharp edges on Ni foil (Fig. S11a) was etched and 

nanoparticles formed on the surface (Fig. S11b). Then a thin layer of nanoparticles deposited after 20 min (Fig. S11c) and gr ew thicker 

at 30 min (Fig. S11d). After immersion for 60 min with increased OH- concentration, some nanosheet structure appeared (Fig. S11e), 

and the size of formed nanosheets became larger when the immersion time extended to 120 min (Fig. S11f). It is worth noting t hat 

the surface change progress of Ni foil is different from that of Ni foam, and the surface change of Ni foil under in -situ observation 

condition is dissimilar with that from ex-situ measurement. This differentiation of the surface morphology evolution can be attributed 

to the following reasons. (1) Compared with Ni foam, the 2D Ni foil has a relatively smaller surface area and less amount of Ni0 can 

react with NO3
- in solution, resulting in the formation of nanosheet structure in a longer time (60 min vs. 10 min for Ni foam). (2) The 

3D-printed cell for in-situ AFM has a larger inner volume than the 3D-printed reactor for electrode fabrication. The released OH- ions 

can diffuse farther away rather than accumulate near Ni foil surface, which slows the synthesis of nanosheet layers. (3) Most 

importantly, when the probe was touching and scanning the Ni foil surface during the in -situ AFM imaging, the static solution 

environment close to the surface was disturbed, especially for the OH - accumulation, which inevitably changed the surface evolution. 

206



Paper Energy & Environmental Science 

| Energy Environ. Sci. , 2019 This journal is ©  The Royal Society of Chemistry 2019 

Fig. S12. Contact angles of water on the surface of bare NF (a) and NiFe(OH)x/NF electrode (b). 
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Fig. S13. (a) CV curves of NF/NiFe LDH-24h in the non-Faradaic potential range of 0.1-0.2 V vs. Hg/HgO at scan rates of 5, 10, 20, 50, 

100 and 200 mV s-1, respectively. (b) The differences of current densities (Janodic-Jcathodic) at the potential of 0.15 V vs. Hg/HgO against 

scan rates. The slope of the fitting line is twice of the geometric double layer capacitance (C dl), which is proportional to the effective 

electrode surface area of the materials. 
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Fig. S14. Electrochemical impedance spectroscopy (EIS) analysis of bare Ni foam, NiFe LDH/NF-HT and NiFe(OH)x/NF-LCD in O2-

saturated 1 M KOH aqueous solution at 0.7 V vs. Hg/HgO. The smaller width of the semicircle of NiFe(OH) x/NF-LCD indicates its smaller 

charge transfer resistance. 
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Fig. S15. OER polarization curves of NFs prepared with 20 mM Fe(NO3)3 and 100 mM Ni(NO3)2 for 1 hour in 3D-printed reactors with 

different OH- lateral diffusion distance: 1 mm, 2 mm, 4 mm and 20 mm.  
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Fig. S16. Chronopotentiometric curves of NiFe(OH)x/NF-LCD in 1 M KOH at the current densities of 0.5 and 1 A cm-2 for OER and HER, 

respectively. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was conducted on NiFe(OH)x, which was dissolved in 

2 wt% nitrate acid aqueous solution, before and after OER stability testing at 1 A cm-2 for 24 h. The concentration of Fe3+ was detected  

to be 11.0444 and 10.823 mg/L before and after the stability testing, respectively, indicating that only ~2% of metal ions leached out. 

Therefore, the NiFe(OH)x didn’t show any obvious activity loss and exhibited outstanding durability.
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Fig. S17. SEM image of NiFe(OH)x/NF after 20 h of chronopotentiometric measurements at 0.5 and 1 A cm -2 for OER and HER, 

respectively. 
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Fig. S18. Optical photograph of one two-electrode overall water splitting device using NiFe(OH)x/NF as both the anode and cathode 

and 1 M KOH as electrolyte. 
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Fig. S19. SEM images of NiFe LDH/NF-HT at low (a) and high (b) resolution. 
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Fig. S20. XRD pattern of NiFe LDH/NF-HT, showing the characteristic peaks of both α-phase and β-phase Ni(OH)2. 
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Fig. S21. (a-d) In-situ Raman spectra of (a, b) NiFe(OH)x/NF-LCD and (c, d) NiFe LDH/NF-HT during the HER processes. 
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Fig. S22. Electrochemical characterization of Ni(OH)x/NF and CoNi(OH)x/NF in a three-electrode cell. (a) CV curves at different scan 

rates and (b) galvanostatic discharge curves at different current densities for Ni(OH)x/NF electrode. (c) CV curves at different scan rates 

and (d) galvanostatic discharge curves at different current densities for CoNi(OH) x/NF electrode. (e) Areal capacitance values versus 

current densities for Ni(OH)x/NF and CoNi(OH)x/NF, respectively. (f) Comparison of Nyquist plots for Ni(OH)x/NF and CoNi(OH)x/NF. 
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Fig. S23. Electrochemical characterization of NGO/NF in a three-electrode cell. (a) CV curves at different scan rates, (b) GCD curves at 

different current densities and (c) Areal capacitance values versus current densities. 

218



Paper Energy & Environmental Science 

| Energy Environ. Sci. , 2019 This journal is ©  The Royal Society of Chemistry 2019 

Fig. S24. (a) CV curves of NGO/NF, Ni(OH)x/NF and CoNi(OH)x/NF at a scan rate of 10 mV s-1. (b) CV curves of asymmetric 

Ni(OH)x/NF//NGO/NF device at a scan rate of 10 mV s-1 in the potential range of 1 V to 1.6 V. (c) CV curves of asymmetric 

CoNi(OH)x/NF//NGO/NF device at a scan rate of 10 mV s-1 in the potential range of 1 V to 1.6 V. 
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Fig. S25. Electrochemical characterization of asymmetric supercapacitors. (a) CV curves at different scan rates and (b) GCD curves at 

different current densities for Ni(OH)x/NF//NGO/NF device. (c) CV curves at different scan rates and (d) GCD curves at different current 

densities for CoNi(OH)x/NF//NGO/NF device. (e) Areal capacitance values versus current densities for Ni(OH) x/NF//NGO/NF and 

CoNi(OH)x/NF//NGO/NF respectively. (f) Comparison of Nyquist plots for Ni(OH)x/NF//NGO/NF and CoNi(OH)x/NF//NGO/NF. (g) Cyclic 

stability of the Ni(OH)x/NF//NGO/NF and CoNi(OH)x/NF//NGO/NF asymmetric supercapacitors over 10000 cycles with the insets 

showing the GCD curves of the initial and the last cycle. (h) Volumetric energy and power densities of our assembled 

Ni(OH)x/NF//NGO/NF and CoNi(OH)x/NF//NGO/NF compared with previously reported asymmetric supercapacitors.1-6 (i) One 1.8 V 

LED light illuminated with one Ni(OH)x/NF//NGO/NF and one CoNi(OH)x/NF//NGO/NF connected in series. 
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Fig. S26. SEM images of Ni(OH)x/NF-24h//NGO/NF (a) and CoNi(OH)x-24h/NF (b) after cycling stability test. 
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Supercapacitor 

To evaluate the electrochemical performance of Ni(OH)x/NF and CoNi(OH)x/NF as the anodes for supercapacitors, electrochemical 

tests, including cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS), 

were first performed in a three-electrode system in 1 M KOH electrolyte, with Hg/HgO and graphite rod as the reference and counter 

electrode respectively. Fig. S22a and c show the CV curves at different scan rates for Ni(OH) x/NF and CoNi(OH)x/NF respectively. Two 

strong redox peaks can be observed in each curve for Faradaic redox reactions, which contribute to the capacitance characteristics. 

The larger integrated area under CV curves of CoNi(OH)x/NF electrode than Ni(OH)x/NF electrode is attributed to the synergistic effect 

of redox reactions associated with Co(OH)x and Ni(OH)x in hybrid electrode, thus exhibiting superior specific capacitance. Fig. S22b and 

d show the galvanostatic discharge characteristics of Ni(OH)x/NF and CoNi(OH)x/NF electrodes within the potential range of 0-0.6 V 

and 0-0.5 V at different current densities respectively. The discharge curves display slight nonlinearities which are distinct from those 

of typical pure double-layer capacitors and representative of pseudo-capacitance. The obtained areal capacitances were 3.0, 1.9, 1.3, 

1.0, 0.7 and 0.4 F cm-2 for Ni(OH)x/NF, and 2.8, 2.4, 2.1, 1.6, 1.1 and 0.8 F cm-2 for CoNi(OH)x/NF at 2, 5, 10, 20, 50, 100 mA cm-2, 

respectively. The areal capacitance values of Ni(OH)x/NF and CoNi(OH)x/NF are shown in Fig. S22e against current densities. Clearly, 

the areal capacitance decreases gradually with the increasing current density. The CoNi(OH) x/NF electrode exhibits a superior rate 

performance to Ni(OH)x/NF electrode, demonstrating the synergistic effect between Ni and Co hydroxides for Faradaic reactions. The 

EIS analysis is also performed to further investigate the electrochemical behaviour of the as-prepared electrodes, as shown in Fig. S22f. 

At the high frequency area, the semicircular arc on the real axis stands for the charge transfer resistance (Rct), which is related to the 

electron transfer kinetics of the redox reaction at the electrode/electrolyte interface. It is evident that CoNi(OH) x/NF possesses a 

smaller Rct than Ni(OH)x/NF, enhancing its electrochemical performance.  

To further evaluate the practical applications of the as-prepared electrodes for energy storage, rechargeable aqueous asymmetric 

supercapacitors (ASCs) were assembled using Ni(OH)x/NF and CoNi(OH)x/NF as the positive electrodes and commercial nitrogen-doped 

graphene oxide on NF (NGO/NF) as the negative electrode, respectively. The assembled aqueous ASCs are shown in Fig. S25i with 1 M 

KOH aqueous solution as the electrolyte. Considering the exactly complementary potential window ranges of Ni(OH) x/NF, 

CoNi(OH)x/NF and NGO/NF (Fig. S24a), the working voltage of the as-assembled ASC devices are expected to extend up to 1.6 V. A 

sequence of CV tests for Ni(OH)x/NF//NGO/NF device and CoNi(OH)x/NF//NGO/NF device with various potential windows from 1 V to 

1.6 V at the scan rate of 10 mV s-1 are conducted to assess the best operating voltages (Fig. S24b and c). We can see that the both ASCs 

can reach a stable potential window of 1.6 V. The mass ratio between positive and negative electrodes can be calculated accor ding to 

the following equation: m+/m-=(c-× ΔE-)/(c+×ΔE+). C is the specific capacitance (F g-1) based on the CV curves in Fig. S24a, m is the mass 

of active species on electrodes (g), and ΔE is the potential range (V). Fig. S25 a and c present the CV profiles of N i(OH)x/NF//NGO/NF 

and CoNi(OH)x/NF//NGO/NF ASCs at different scan rates from 5 to 200 mV s-1 between 0 and 1.6 V, respectively. The two strong redox 

peaks in each curve indicate the pseudo-capacitive property of the supercapacitor due to Faradaic redox reactions. In order to further 
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illuminate the electrochemical performances of the assembled ASCs, we performed GCD curves at various current densities from 2 to 

100 mA cm-2 within a fixed potential range of 0-1.6 V. The GCD curves of Ni(OH)x/NF//NGO/NF and CoNi(OH)x/NF//NGO/NF devices 

are illustrated in Fig. S25b and d, showing that the shapes of the charge-discharge curves are nearly symmetric, manifesting the high 

coulombic efficiencies. The areal capacitances of the two ASC devices calculated based on the galvanostatic discharging curves are 

plotted as a function of the current densities shown in Fig. S25e. The areal capacitances are found to undergo a gradual decl ine with 

increasing current densities, which is because the sluggish ion diffusion lead to insufficient redox reactions at high current densities. 

The Ni(OH)x/NF//NGO/NF ASC delivers an areal capacitance of 468.8 mF cm -2 at a current density of 2 mA cm-2, which decreases to 

56.3 mF cm-2 at 100 mA cm-2. While, the CoNi(OH)x/NF//NGO/NF ASC can afford an areal capacitance as high as 687.5 mF cm-2 at 2 

mA cm-2, and it just declines to 206.3 mF cm-2 at 100 mA cm-2. Fig. S25f compares the Nyquist plots of Ni(OH)x/NF//NGO/NF and 

CoNi(OH)x/NF//NGO/NF ASCs, which demonstrate that the CoNi(OH)x/NF//NGO/NF device possesses smaller charge transfer 

resistance and lower diffusion resistance than Ni(OH)x/NF//NGO/NF device. As a crucial factor to the practical prospect of commercial 

ASC devices, the long-term cycling performance has been conducted on CoNi(OH)x/NF//NGO/NF and Ni(OH)x/NF//NGO/NF by GCD 

testing for 10000 cycles at a high current density of 50 mA cm -2 (Fig. S25g). The CoNi(OH)x/NF//NGO/NF device exhibits an excellent 

cycling performance with a capacitance retention of ca. 88.6% after 10000 GCD cycles,  while the retention for Ni(OH)x/NF//NGO/NF 

device is only ca. 80.9%. The enhanced stability of CoNi(OH)x/NF//NGO/NF than Ni(OH)x/NF//NGO/NF can be attributed to the 

synergistic effect of Co-Ni which facilitates fast electron pathways and stabilizes the electrode structure during long-term 

electrochemical reactions (as shown from the SEM images after stability measurements in Fig. S26). The insets in Fig. S25g di splay the 

initial and last cycles of GCD curves. The connection of one Ni(OH)x/NF//NGO/NF ASC and one CoNi(OH)x/NF//NGO/NF ASC in series 

can power up a 1.8 V LED light for 1 min (Fig. S25i).  

223



Energy & Environmental Science  Paper 

This journal is ©  The Royal Society of Chemistry 2019 Energy Environ. Sci. , 2019| 

Table S1 REAVC (the ratio of electrode area to the precursor volume consumption) values of LCD method for NiFe(OH) x/NF fabrication 

and other reported methods (e.g., hydrothermal growth and electrodeposition). 

Electrocatalyst 
Substrate 
and Size 

Solution 
Volume 

Precursor 
REAVC 

(cm2/mL) 
Method Reference 

NiFe LDH 
Ni foam, 2 
cm × 2 cm 

2 mL 

Fe(NO3)3·9H2O: 16.2 mg, 
0.04 mmol; 

Ni(NO3)2·6H2O: 58.2 mg, 
0.2 mmol 

2 
Lateral confined 
diffusion (LCD) 

immersion 
This work 

Cu@NiFe LDH 
Cu foam: 2 
cm × 5 cm 

100 mL 

FeSO4·7H2O: 0.15 M, 15 
mmol; 

Ni(NO3)2·6H2O: 0.15 M, 15 
mmol 

0.1 Electrodeposition 

Energy 
Environ. Sci., 

2017, 10, 
1820-18277 

NiFe LDH 

Iron plate 
or foam: 

0.5 cm × 6 
cm 

100 mL NiSO4·6H2O: 100 µmol 0.03 
Corrosion 

engineering 
method 

Nat. 
Common., 

2018, 9, 26098 

Ni-Fe-OH 
Ni3S2/Ni 

foam: 0.5 
cm × 6 cm 

50 mL 

FeCl3·6H2O: 0.101 g, 0.37 
mmol; 

NaNO3: 0.212 g, 2.49 
mmol 

0.06 
Hydrothermal 

method 

Adv. Mater., 
2017, 29, 
17004049 

NiSe 
Ni foam: 1 
cm × 3 cm 

30 mL 

Se powder: 0.059 g, 0.75 
mmol; 

NaBH4: 0.065 g, 1.72 
mmol 

0.1 
Hydrothermal 

method 

Angew. Chem. 
Int. Ed., 2015, 

54, 9351-
935510 

NiFeV LDHs 
Ni foam: 3 
cm × 4 cm 

35 mL 

Fe(NO3)3·9H2O: 0.4 mmol; 
Ni(NO3)2·6H2O: 2.4 mmol; 

VCl3: 0.4 mmol; 
CO(NH2)2: 5 mmol 

0.34 
Hydrothermal 

method 

Adv. Energy 
Mater., 2018, 
8, 170334111 

NiFeRu-LDH 
Ni foam: 1 
cm × 3 cm 

15 mL 

Fe(NO3)3·9H2O: 0.24 
mmol; 

Ni(NO3)2·6H2O: 0.3 mmol; 
RuCl3·xH2O: 0.06 mmol; 

Urea: 2 mmol 

0.2 
Hydrothermal 

method 

Adv. Mater., 
2018, 30, 

170627912 

FeCoNi-LDH-
NWAs 

Ni foam: 1 
cm × 3 cm 

40 mL 

Fe(NO3)3·9H2O: 121.2 mg, 
0.3 mmol; 

Ni(NO3)2·6H2O: 436.5 mg, 
1.5 mmol; 

(NH2)2CO: 450 mg, 7.5 
mmol; 

NH4F: 222 mg, 6.0 mmol 

0.075 
Hydrothermal 

method 

Nat. 
Commun., 

2018, 9, 
245213 

α-NiFeOxHy 
Ni foam: 2 
cm × 4 cm 

40 mL 
Fe(NO3)3·9H2O: 20 mM, 

0.8 mmol 
0.2 

Immersion at 
room 

temperature 

Nano 
Research, 
2018, 11, 

3959-397114 

NiFeOx 
Iron foam: 

2.5 cm2 
20 mL NiSO4: 50 mM, 1 mmol 0.125 

Galvanic 
replacement 

reaction 

Adv. Energy 
Mater., 2017, 
7, 170010715 

Fe:Ni(OH)2 
Ni foam: 3 
cm × 1 cm 

30 mL 

NaOH: 0.05 M, 1.5 mmol; 
H2O2 (30 wt% in water): 0-

500 µL; 
Fe(NO3)3·9H2O: 1 mM, 

0.03 mmol 

0.1 
Hydrothermal 
method and 

soaking 

Adv. Energy 
Mater., 2016, 
6, 150248916 

FeNi LDH 
FeNi alloy 

foil: 2 cm × 
4 cm 

36 mL 

Fe(NO3)3·9H2O: 121.2 mg, 
0.5 mmol; 

Ni(NO3)2·6H2O: 436.5 mg, 
0.5 mmol; 

0.22 
Hydrothermal 

method 

ACS Energy 
Lett., 2018, 3, 
2357-236517 
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CO(NH2)2: 450 mg, 5 
mmol 

Fe-Ni3S2 
Ni foam: 1 
cm × 3 cm 

40 mL 

Fe(NO3)3·9H2O: 0.45 
mmol; 

Ni(NO3)2·6H2O: 1.775 
mmol; 

NH4F: 4 mmol; 
Urea: 10 mmol 

Na2S: 0.2 mol L-1, 8 mmol 

0.075 
Hydrothermal 

method 

ACS Catal., 
2018, 8, 5431-

544118 

NiFeCr LDH 
Ni foam: 

3.5 cm × 1 
cm 

15 mL 

FeCl2: 5 mM, 0.075 mmol; 
Ni(NO3)2: 15 mM, 0.225 

mmol; 
Cr(NO3)3: 2.5 mM, 0.0375 

mmol; 
TEA: 10 mM; 

Urea: 112.5 mM 

0.23 
Hydrothermal 

method 

Adv. Energy 
Mater., 2018, 
8, 170318919 

Co1Mn1CH/NF 
Ni foam: 2 
cm × 4 cm 

27 mL 

CoAc2·4H2O: 2 mmol; 
MnAc2·4H2O: 2 mmol; 

Hexamethylenetetramine: 
250 mg 

0.3 
Hydrothermal 

method 

J. Am. Chem.
Soc., 2017,
139, 8320-

832820 

W0.5Co0.4Fe0.1 
oxyhydroxides 

Ni foam: 
1.6 cm × 3 

cm 
9 mL 

WCl6: 0.1 mmol; 
CoCl2: 0.08 mmol; 
FeCl3: 0.02 mmol 

0.53 
Hydrothermal 

method 

Angew. Chem. 
Int. Ed., 2017, 

56, 1-621 

NiFe-OH-F 
Ni foam: 2 
cm × 3 cm 

40 mL 

Fe(NO3)3·9H2O: 1.2 mmol; 
Ni(NO3)2·6H2O: 2.8 mmol; 

(NH2)2CO: 10 mmol; 
NH4F: 4 mmol 

0.15 
Hydrothermal 

method 

Nano Lett., 
2019, 19, 530-

53722 

225
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Table S2 Comparison of the electrocatalytic overall water splitting activity of the NiFe(OH) x/NF-LCD with the reported state-of-the-art 

electrocatalysts in 1 M KOH solution. 

Electrocatalysts 

OER overpotential (mV) HER overpotential (mV) Cell voltage (V) 

References 
10 mA cm-

2

100 mA 
cm-2

10 mA 
cm-2

100 mA 
cm-2

10 mA 
cm-2

50 mA 
cm-2

NiFe(OH)x/NF-LCD 181 233 189 290 1.5 1.68 This work 

NiFe LDH/NF 240 450 210 -- 1.7 -- 
Science, 2014, 345, 

1593-159623 

NiFeOx/CNF 200 270 88 220 1.63 1.75 
Nat. Commun., 2015, 

6, 726124 

Co0.85Se/NiFe-LDH -- 270 260 -- 1.67 -- 
Energy Environ. Sci., 
2016, 9, 478-48325 

Cu@NiFe LDH 199 281 116 192 1.54 1.69 
Energy Environ. Sci., 

2017, 10, 1820-18277 

Se-(NiCo)S/OH 155 240 101 210 1.6 2 
Adv. Mater., 2018, 

30, 170553826 

CoP/NCNHP 310 -- 115 -- 1.64 1.83 
J. Am. Chem. Soc.,
2018, 140, 2610-

261827 

Fe-Ni@NC-CNTs 274 330 202 320 1.8 1.88 
Angew. Chem., 2018, 

130, 9059-906428 

Ni0.7Fe0.3PS3@MXene 282 -- 196 -- 1.65 1.92 
Adv. Energy Mater., 
2018, 8, 180112729 

Ni2Fe1-O 244 -- 230 -- 1.64 1.8 
Adv. Energy Mater., 
2018, 8, 170134730 

Ni-Co-P HNBs 270 340 107 260 1.62 1.82 
Energy Environ. Sci., 
2018, 11, 872-88031 

Pt-CoS2/CC 300 -- 24 100 1.55 1.68 
Adv. Energy Mater., 
2018, 8, 180093532 

LiCoBPO 216 320 121 270 1.53 1.72 
Energy Environ. Sci., 
2019, 12, 988-99933 

Ni/Mo2C-NCNFs 288 432 143 195 1.64 -- 
Adv. Energy Mater., 
2019, 9, 180318534 

Co/β-Mo2C@N-CNT 356 -- 170 -- 1.64 -- 
Angew. Chem. Int. 

Ed., 2019, 58, 4923-
492835 

NiFeRu-LDH 225 260 29 -- 1.52 1.64 
Adv. Mater., 2018, 

30, 170627912 

FeCoNi-HNTAs 184 380 58 210 1.429 1.61 
Nat. Commun., 2018, 

9, 245236 

Co1Mn1CH -- 349 180 328 1.68 1.87 
J. Am. Chem. Soc.,
2017, 139, 8320-

832820 
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R-NCO 240 310 135 260 1.61 1.85 
J. Am. Chem. Soc.
2018, 140, 13644-

1365337 

Fe17.5%-NI3S2/NF 214 249 47 232 1.54 1.65 
ACS Catal., 2018, 8, 

5431-544118 

Se-(NiCo)S/OH 155 240 101 205 1.6 1.87 
Adv. Mater., 2018, 

30, 170553826 

NiSe 290 420 177 -- 1.69 -- 
Adv. Energy Mater., 
2018, 8, 170270438 

O-CoMoS 272 310 97 206 1.6 1.7 
ACS Catal., 2018, 8, 

4612-462139 

MoS2-Ni3S2 HNRs/NF 249 340 98 191 1.5 1.58 
ACS Catal., 2017, 7, 

2357-236640 
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Summary 

A low-cost, energy-efficient and green lateral confined diffusion (LCD) strategy has 

been developed in this chapter for ambient in-situ growth of defect-rich, ultrathin metal 

hydroxides nanosheets on nickel foam, realized by simply immersing in an extremely 

small volume of metal nitrate aqueous solution. The effects of controlling ions lateral 

diffusion distance in a confined zone have been systematically studied on the 

microstructure and electrochemical properties of metal hydroxides grown on nickel foam. 

One concept, the ratio of electrode area to precursor volume consumption (REAVC, cm2 

mL-1), is proposed to describe the economy of different synthesis methods. This LCD 

strategy possesses the largest REAVC value of 2.0 cm2 mL-1 reported so far, which is 

much higher than that of hydrothermal and electrodeposition methods (0.01-0.2 cm2 mL-

1). The synthesized defect-rich, ultrathin NiFe hydroxide nanosheets on nickel foam 

exhibit outstanding activity for both oxygen evolution reaction (OER) and hydrogen 

evolution reaction (HER). The assembled two-electrode overall water splitting device can 

be powered by a commercial silicon solar cell, achieving a current density of 10 mA cm-

2 at 1.50 V in 1 M KOH solution. The proposed LCD strategy makes it possible for 

economical construction of high-performance electrodes in industry, and is promising for 

the future synthesis of active materials on different substrates for various electrochemical 

applications. 
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Chapter 5 Manganese Oxides Transformed from 

Orthorhombic to Birnessite with Enhanced 

Electrochemical Performance as Supercapacitor 

Electrodes 

Manganese oxides have emerged as one of the most promising positive electrode 

materials due to their advantages including high theoretical specific capacitance (1100 ~ 

1300 F g-1), low cost, and lack of environmental toxicity. However, their intrinsically 

poor conductivity (10-5-10-6 S cm-1) hampers further performance improvement. One 

feasible method to improve the conductivity is to combine manganese oxides with 

conductive materials (e.g. conductive current collectors, carbon or polymers). The 

capacitance of manganese oxides mainly comes from pseudocapacitance involving 

reversible redox transitions, which can be affected by crystal structures significantly. For 

example, α-, β- and γ-MnO2 all have a tunnel structure, while δ-MnO2 has a two-

dimensional layered structure, facilitating cation intercalation/deintercalation with little 

structural rearrangement. In this chapter, we have studied the phase transformation of 

MnO2 from orthorhombic to birnessite systematically by a facile method, and the 

transformed δ-MnO2 exhibits remarkably enhanced electrochemical performance as 

supercapacitor electrodes.  
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Manganese Oxides Transformed from Orthorhombic to Birnessite 
with Enhanced Electrochemical Performance as Supercapacitor 
Electrodes 

Lixue Jiang, Mengyang Dong, Yuhai Dou, Shan Chen, Porun Liu, Huajie Yin* and Huijun Zhao* 

Manganese oxides are a class of promising electrode materials for high performance supercapacitors. The crystal structure 

of manganese oxides, such as α, β, γ and δ phases, can considerably affect their pseudocapacitance. Birnessite δ-MnO2 has 

a two-dimensional layered microstructure, which can facilitate cation intercalation/deintercalation with little structural 

rearrangement during charging and discharging process. Here, we report a facile strategy for the phase transformation of 

manganese oxides from orthorhombic to birnessite companied with significantly enhanced electrochemical performance as 

supercapacitor electrodes. A specific capacitance of 251.4 F g-1 was achieved for the birnessite at a current density of 1 A g-

1, which is almost three time higher than that of the orthorhombic. The solid-state flexible asymmetric supercapacitor 

assembled using the transformed birnessite MnO2 as the positive electrode and mesoporous carbon as the negative 

electrode possesses an operating potential window as high as 2.0 V as well as high energy density and power density. This 

work opens up a new avenue of changing the crystal structure of manganese oxides for optimized properties in 

electrochemical applications. 

1. Introduction

Supercapacitors, as new-generation energy storage systems, have 

intrigued researchers’ enormous interest due to the profound 

bridging function for the power/energy gap between conventional 

dielectric capacitors (high power density) and batteries (high energy 

density).1-3 Electrode materials, including carbonaceous materials, 

transition metal oxides and conducting polymers, are essential to the 

electrochemical performance of supercapacitors.4-6 Among them, 

manganese oxides are considered a class of promising electrode 

materials owing to their natural abundance, low cost, environmental 

friendliness, as well as high theoretical capacitance (1370 F g-1).7, 8 

Although synthesized as various microstructures and morphologies, 

single-phase manganese oxides inevitably expose inadequate 

electrochemical performances when solely used as supercapacitor 

electrodes due to the intrinsic weak properties in electrical 

conductivity (10-5 to 10-6 S cm-1) and cycling stability.7, 9 One strategy 

to alleviate this disadvantage is to combine manganese oxides with 

conductive carbonaceous materials (such as 0D activated carbon and 

carbon spheres, 1D carbon nanofibers and carbon nanotubes, 2D 

graphene and graphene oxide or reduced graphene oxide, and 3D 

carbon nanofoam and hierarchical porous graphitic carbon),10 which 

exhibit the merits of easy processing, high specific surface area, good 

electrical conductivity and long cycle life. The resulting composites 

feature synergistic effects between manganese oxides and carbon 

materials, facilitating the electrical conductivity and rate 

performance.11, 12

Manganese oxides coupled with carbon composites have been well 

developed by incorporating dissimilar manganese oxides with 

diverse carbon structures in previous reports. Two strategies have 

been commonly adopted. One is growing manganese oxides on 

carbon materials. For example, MnO2 nanoflakes have been coated 

on the surface of the carbon nanotube (CNT) by the slow redox 

reaction between KMnO4 and carbon and then the hydrothermal 

decomposition of KMnO4,13 and also MnO2 nanoflowers have been 

uniformly electrodeposited onto CNT-enabled conductive textile 

fibers.14 Recently, a high mass loading of 10 mg cm-2 and 

hierarchically structured MnO2 containing a primary two-

dimensional ε-MnO2 nanosheets and a secondary one-dimensional 

α-MnO2 nanorod arrays were grown on carbon cloth by a 

electrodeposition method.15 Another is coating carbon materials on 

manganese oxides. For example, carbon nanoflakes were generated 

on various metal oxide nanostructures by combining atomic layer 

deposition (ALD) and glucose carbonization.16 Additionally, a one-

dimensional highly graphitic carbon-tipped manganese 

oxide/mesoporous carbon/manganese oxide hybrid nanowire has 

been successfully designed and synthesized for high performance 

supercapacitors applications.17 

The pseudocapacitance of MnO2 can be affected by the crystallinities 

and crystal structures. α-, β- and γ-MnO2 all have a tunnel structure, 

while birnessite δ-MnO2 has a two-dimensional layered structure, 

which can facilitate cation intercalation/deintercalation with little 

structural rearrangement.5 It is reported that a hausmannite-like α-

Mn3O4 can be obtained from a birnessite-like δ-MnO2 through a 
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phase transformation caused by comproportionation with 

cathodically generated Mn(OH)2, and a final disordered birnessite-

like phase for oxygen evolution was produced by further anodic 

conditioning from voltage cycling or water oxidation.18 In this work, 

we propose a facile strategy to realize the phase transformation of 

MnO2 from orthorhombic to birnessite. Firstly, the mixture of urchin-

like orthorhombic γ-MnO2, SiO2 precursor and phenolic resin was 

calcined at high temperature in Ar atmosphere, and then the 

products were treated in 2 M NaOH aqueous solution at room 

temperature for 24 h. After systematic investigation, the SiO2 and 

carbon exhibiting in the intermediates are found to play a crucial role 

in the successful phase changing. The resulting birnessite δ-

MnO2/carbon composites exhibit superior electrochemical 

performance as supercapacitor electrodes to the original 

orthorhombic MnO2, achieving a specific capacitance of 251.4 F g-1 at 

a current density of 1 A g-1, which almost triples that of the 

orthorhombic phase. 

2. Experimental section

Please refer to the details in the Supporting Information 

3. Results and discussion

The phase transformation of manganese oxides from orthorhombic 

to birnessite was realized by mixing triblock copolymer Pluronic F-

127, tetraethyl orthosilicate (TEOS), phenolic resin and orthorhombic 

γ-MnO2, followed by calcination under Ar flow and treatment in 

NaOH aqueous solution at room temperature, as shown in Fig. 1. 

Three manganese oxides/carbon composites are synthesized with 

different mass ratio of orthorhombic γ-MnO2 to phenolic resin in 

composites. The morphology and inner structure of pristine γ-MnO2 

and the as-synthesized birnessite δ-MnO2/carbon composites have 

been characterized by SEM and TEM (Fig. 2). The urchin-like pristine 

MnO2 particles shown in Fig. 2a and b have a diameter range of 2~5 

µm, almost the same as those reported before.19 The TEM image (Fig. 

2c) shows a hollow structure to some extent, which will facilitate the 

permeation of phenolic resin and formation of carbon on the interior 

wall of manganese oxides during calcination. After combination with 

carbon by calcination and soak in NaOH solution, the resultant 

manganese oxides/carbon composites show significantly different 

microstructures maintaining the original sphere shape in whole (Fig. 

2d). The thorn structure of the urchin-like MnO2 has turned into 

sheet-like microstructure (Fig. 2e), which is also demonstrated by the 

TEM images (Fig. 2f). 

Fig. 3a shows the TGA result of one manganese oxides/carbon 

composite prepared with 0.4 g pristine MnO2, and the obtained mass 

percentage of manganese oxides in the composite is ~63 %. We 

denote this manganese oxides/carbon composite as Mn/C63 based 

on the content, and the other two controlled samples prepared with 

0.2 g and 0.1 g pristine MnO2 are denoted as Mn/C30 and Mn/C18 

based on the calculated content of manganese oxides, respectively. 

Other than Mn/C63, both Mn/C30 and Mn/C18 contain bulk carbon 

materials in addition to sheet-like manganese oxides as shown by 

their SEM images in Fig. S1a and c, which is also demonstrated by the 

corresponding TEM images (Fig. S1b and d). Fig. 3b shows the XRD 

patterns of pristine MnO2, Mn/18, Mn/30 and Mn/C63. The four 

characteristic peaks of urchin-like MnO2 at 2θ = 22.0°, 36.9°, 42.2° 

and 55.8° can be indexed to orthorhombic γ-MnO2 (JCPCS 14-

0644).15 After calcination with SiO2 precursor and phenolic resin and 

treatment in NaOH solution, the diffraction patterns of manganese 

oxides/carbon composites differ from that of pristine MnO2 

dramatically. All these three composites have peaks at 2θ = 12.4°, 

24.7°, 39.8° and 49.6°, which can be indexed to birnessite δ-MnO2 

(JCPCS 43-1456), revealing the successful phase transformation of 

crystal phase.20, 21 Raman spectra of the three composites were also 

measured to analyse the local structure as shown in Fig. 3c. The sharp 

and strong G bands at 1606 cm-1 in contrast to the weak D bands at 

1348 cm-1 demonstrate a high graphitization of mesoporous carbon. 

In the low wave number region, the weak band at 580 cm-1 is 

ascribed to the Mn-O stretching vibration in the basal plane of MnO6 

sheet, while the band at 648 cm-1 is due to the Mn-O symmetric 

stretching vibration of MnO6 groups.22 From the three Raman curves, 

it can be seen that the peak intensity of manganese oxides relative 

to that of carbon becomes stronger with the increase of manganese 

oxides proportion in composites. In XPS analysis (Figure 3d), the high-

resolution Mn2p spectrum shows the characteristic Mn2p1/2 and 

Mn2p3/2 peaks located at 654.0 eV and 642.4 eV respectively, with a 

spin-energy separation of 11.6 eV which is similar to previous 

reported values of MnO2 materials, indicating the value state of Mn 

is +4.15, 23 

N2 adsorption-desorption measurements were conducted to further 

investigate the structure characteristics of these three composites, 

mesoporous carbon and original MnO2. Fig. 3e displays the obtained 

isotherms, all exhibiting a typical IUPAC type IV curve and a distinct 

H1 hysteresis hoop, which suggests the mesoporous structure. As 

can be seen from the pore size distribution (Fig. 3f), mesoporous 

carbon has two sharp peaks at 2.1 nm and 6.4 nm as reported.24 The 

former is attributed to the removal of SiO2 spheres and the latter, 

ordered mesopore, is because of the thermolysis of F127 during 

calcination. After integration with manganese oxides, the 

composites possess dissimilar pore size distributions. The 

distribution at around 2.1 nm decreases with the increase of 

manganese oxides, and the main pore size distributions in the range 

of 6~8 nm are mainly due to the formation of amorphous 

mesoporous carbon. Based on the adsorption data, the BET surface 

area of mesoporous carbon and the three composites with 

manganese oxides content of 18 %, 30 % and 63 % can be calculated 

to be 1108.9, 687.1, 547.3 and 333.3 m2 g-1, respectively. As 

anticipated, the specific surface area of the materials has a declining 

trend along with the decreased mass ratio of mesoporous carbon. 

To study the formation conditions of birnessite δ-MnO2 from 

orthorhombic γ-MnO2, controlled experiments have been conducted 

and described in Experimental details of Supporting Information. 

After soaking in 2 M NaOH solution for 12 h at room temperature, 

the thorn structure of pristine urchin-like MnO2 has been destroyed 

without the appearance of nanosheets (Fig. S3a). The resulting 

manganese oxides after calcination at 900 °C under Ar flow for 2 h 

exhibit drastically different morphology with smooth surface (Fig. 

S3b), which is hardly changed (Fig. S3c) after soaking in 2 M NaOH 

solution for 12 h at room temperature. Fig. S4 shows the SEM images 
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of manganese oxides/carbon composite synthesized without the 

addition of TEOS before (a) and after (b) the treatment of NaOH 

solution at room temperature. It can be seen that the two 

morphologies are almost the same with carbon coating on 

manganese oxides, but no sheet-like structure appears. When 

urchin-like MnO2 is calcined with SiO2 (produced from TEOS) only, 

the resulting sample has an interesting cavity structure (Fig. S4c, d), 

which is mostly maintained after the treatment in NaOH solution (Fig. 

S4e). However, some small particles have converted into flakes as 

shown in Fig. S4f, indicating that the presence of SiO2 in the 

calcination process facilitates the formation of birnessite manganese 

oxides but only to a limited extent. Fig. S2 shows the SEM image of 

Mn/C63 on Si substrate and the corresponding EDS mapping of C, Mn 

and O elements, demonstrating that carbon is dispersing among 

manganese oxides. From what has been discussed above, it can be 

deduced that both SiO2 and carbon play a crucial role in the phase 

transformation of birnessite manganese oxides from orthorhombic 

γ-MnO2 in a wide range at room temperature. 

As birnessite δ-MnO2/carbon composites can provide high specific 

surface area, improve electrical conductivity and introduce extra 

electrical double layer capacitance (EDLC), it is expected that the 

synthesized birnessite δ-MnO2/carbon composites should have 

superior electrochemical performances to original γ-MnO2 in the 

application of supercapacitors. To verify this, relative 

electrochemical measurements, cycle voltammetry and 

galvanostatic charge-discharge, were conducted in a three-electrode 

testing system. Fig. 4a shows the CV curves of pristine urchin-like γ-

MnO2, Mn/C18, Mn/C30 and Mn/C63 at a scan rate of 20 mV s-1. It is 

evident that the enclosed area of the CV curves for manganese 

oxides/carbon composites are larger than that of urchin-like MnO2, 

especially for Mn/C63, indicating an increase in specific capacitance. 

The CV curve of Mn/C63 has relatively obvious redox peaks,12 

corresponding to the asymmetric galvanostatic charge-discharge 

curves at a current density of 1 A g-1 in Fig. 4b. The specific 

capacitances of these four materials, calculated from the discharge 

time according to Equation S1, are 85.6, 121.6, 192.2 and 251.4 F g-1, 

respectively. Interestingly, Mn/C63 has the highest specific 

capacitance, almost tripling that of urchin-like γ-MnO2. Fig. 4c shows 

the CV curves of Mn/C63 at a scan rate range of 5~200 mV s-1, which 

are relatively rectangular in shape, even at a scan rate of as high as 

200 mV s-1, demonstrating a rapid current response on voltage 

reversal and an ideal electrochemical behaviour. The relatively linear 

and symmetrical galvanostatic charge-discharge curves at various 

current densities from 0.5 to 20 A g-1 shown in Fig. 4d also exhibit the 

rapid I-V response and excellent electrochemical reversibility.  

Rate capability, as an important factor for electrodes of 

supercapacitor, was analysed to explain the superior electrochemical 

performance of Mn/C63 to pristine γ-MnO2. Fig. 4e plots the specific 

capacitances of Mn/C63 and pristine γ-MnO2 against current 

densities from 0.5 to 20 A g-1. It can be seen that both two materials 

show a descending trend in their specific capacitance with the 

increased current densities, which is ascribed to the reduced 

electroactive surface area accessed by the electrolyte in the process 

of charge and discharge at high current densities. Nevertheless, 

Mn/C63 exhibits much higher specific capacitance values from 260.5 

F g-1 to 194.0 F g-1, obtaining a capacitance retention of 74.5 %, 

compared to 41.8 % of pristine urchin-like MnO2 from 101.6 F g-1 to 

42.5 F g-1 at the same current density range. This 74.5 % of 

capacitance retention is even higher than those reported before, like 

55 % of GHCS/MnO2 composite,23 54.4 % of C/MnO2 DNTAs25 and 

68.5 % of MnO2/HPCS.22 The excellent rate capability of Mn/C63 can 

be attributed to the increased electrical conductivity and the fast ion 

transfer channels in microporous structures of the nanosheets of δ-

MnO2. The long-term cycling stability is also enhanced via the 

generation of sheet-like structure and combination with mesoporous 

carbon, assessed by CV cycling for 2000 cycles at a scan rate of 100 

mV s-1. As shown in Fig. 4f, although the specific capacitance 

(calculated according to Equation S2) of original γ-MnO2 did not 

change much around 83.0 F g-1 after the 400th cycle, the specific 

capacitance of Mn/C63 kept increasing in the whole CV 

measurements from 305.2 F g-1 at the beginning to 330.2 F g-1 at the 

2000th cycle, probably because the electrode materials are being 

activated with increased electrochemical utilization. The improved 

cycling performance further demonstrates the excellent synergistic 

effect between birnessite δ-MnO2 and carbon. It is believed that the 

outstanding electrochemical performance of this manganese 

oxide/carbon composites can be attributed to the following factors: 

(1) the formation of sheet-like microstructures increase the

electrochemical utilization of manganese oxides, offering high 

specific capacitance; (2) the existing mesoporous structure facilitates

high specific surface area and electrolyte infiltration, reducing the

diffusion path of electrolyte ions and improving the ion 

insertion/extraction rate; (3) the high graphitic carbon provides

higher electrical conductivity in favour of fast electron transport, and 

(4) the δ-MnO2 nanosheets can withstand the volume change during

the cycling stability testing.

Solid-state flexible asymmetric supercapacitors (ASC) were also 

assembled using Mn/C63 on carbon cloth as the positive electrode, 

mesoporous carbon on carbon cloth as the negative electrode, and 

Na2SO4/PVA as the electrolyte, respectively. The electrochemical 

performance of mesoporous carbon in 1 M Na2SO4 was evaluated by 

the CV and GCD curves in the potential window of -1.1 to -0.1 V 

(Figure S6). Figure 5a shows the CV curves of both Mn/C63 and 

mesoporous carbon at the scan rate of 10 mV s-1 within a three-

electrode cell filled with 1 M Na2SO4 aqueous solution in the 

potential window of -0.1 to 0.9 V and -1.1 to -0.1 V respectively. To 

balance the charge on both electrodes, the mass ratio of Mn/C63 and 

mesoporous carbon (m+:m-) was calculated to be ~0.58 according to 

Equation S5. The CV curves in different voltage windows from 1.0 V 

to 2.0 V (Figure 5b) were performed on the assembled 

Mn/C63//mesoporous carbon solid-state flexible ASC at a scan rate 

of 10 mV s-1, which are all rectangular-like demonstrating that this 

ASC can be operated in a potential window of as high as 2.0 V. Figure 

5c displays the CV curves of Mn/C63//mesoporous carbon ASC in the 

optimized potential window of 2.0 V with different scan rates from 5 

to 200 mV s-1. Nearly rectangular shapes with well-resolved oxidation 

and reduction peaks are observed in all CV curves, indicating redox 

reaction occurring on the surface of the positive electrode. The GCD 

curves of Mn/C63//mesoporous carbon ASC in the operating 

potential window of 2.0 V at different current densities from 1 to 20 

A g-1 are shown in Figure 5d. In good agreement with the CV curves, 

the GCD curves reveal almost symmetric and linear charging and 
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discharging profiles, suggesting an ideal capacitive behavior. The 

calculated specific capacitance of Mn/C63//mesoporous carbon ASC 

(based on the discharge curves) are ≈ 15.83, 14.52, 12.69, 10.56, and 

7.41 F g-1 at the current densities of 1, 2, 5, 10, and 20 A g-1, 

respectively (Figure 5e). A high energy density of 8.8 Wh Kg-1 is 

obtained at the power density of 370.3 W Kg-1, which is comparable 

to other manganese oxides-carbon materials, such as 

graphene/MnO2
26, MnO2-CNT27 and OLC/Mn3O4

28 (Figure 5f).  

In summary, orthorhombic manganese oxides have been successfully 

transformed to birnessite by a facile strategy, where both SiO2 and 

carbon play a crucial role in changing the crystal structure. When 

used as supercapacitor electrodes, the resulting sheet-like birnessite 

δ-MnO2 coupled with carbon exhibits superior electrochemical 

performance to pristine urchin-like orthorhombic γ-MnO2 in terms of 

specific capacitance, rate capability and cycling stability. The 

assembled solid-state flexible asymmetric supercapacitor using the 

transformed birnessite δ-MnO2 as the positive electrode material 

and mesoporous carbon as the negative electrode material can be 

operated in a potential window of as high as 2.0 V, exhibiting high 

energy density and power density. This proposed novel synthesis 

route may provide new insights of modifying the microstructure of 

manganese oxides to obtain optimized properties, which can also be 

applied in other energy fields, such as lithium-ion batteries, oxygen 

evolution reactions and fuel cells.  
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Fig. 1 Schematic illustration of the synthesis of birnessite manganese oxides transformed from orthorhombic.  
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Fig. 2 (a, b) SEM images of orthorhombic manganese oxides at low and high resolution. (c) TEM image of orthorhombic manganese 

oxides. (d, e) SEM images of birnessite manganese oxides at low and high resolution. (f) TEM images of birnessite manganese oxides. 
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Fig. 3 (a) TGA result of the composite prepared with 0.4 g urchin-like MnO2. (b) XRD patterns and (c) Raman spectra of pristine MnO2, 

Mn/C18, Mn/C30 and Mn/C63. (d) High resolution Mn2p spectra of Mn/C63. (e) N2 adsorption-desorption isotherm and (f) pore size 

distribution of carbon, pristine MnO2, Mn/C18, Mn/C30 and Mn/C63. 
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Fig. 4 (a) CV curves at a scan rate of 20 mV s-1 and (b) galvanostatic charge-discharge curves at a current density of 1 A g-1 for pristine 

γ-MnO2, Mn/C18, Mn/C30 and Mn/C63. (c) CV curves at different scan rates and (d) galvanostatic charge-discharge curves at different 

current densities of Mn/C63. Comparison of rate performance (e) and cycling stability (f) of pristine γ-MnO2 and Mn/C63. 
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Fig. 5. (a) CV curves of Mn/C63 and mesoporous carbon in separate potential windows at a scan rate of 10 mV s -1. (b) CV curves of 

Mn/C63//Mesoporous carbon solid-state ASC in different voltage windows from 1.0 V to 2.0 V at a scan rate of 10 mV s-1. (c) CV curves 

of Mn/C63//Mesoporous carbon solid-state ASC collected in the optimized potential window (2.0 V) with different scan rates. (d) GCD 

curves of Mn/C63//Mesoporous carbon solid-state ASC obtained in the potential window of 2.0 V at different current densities. (e) 

Specific capacitance as a function of current density for Mn/C63//Mesoporous carbon solid-state ASC. (f) Ragone plots (energy density 

vs. power density) of Mn/C63//Mesoporous carbon solid-state ASC compared with other reported manganese oxides-based ASCs. 
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Experimental 

Chemicals: Ammonium persulfate ((NH4)2S2O8), Manganese sulfate monohydrate (Mn2SO4·H2O), Formaldehyde solution (37 wt %), 

Tetrathyl orthosilicate and Pluronic F-127 were purchased from SIGMA-ALDRICH. Phenol (AR grade) was supplied by MERCK Pty. All 

these chemicals were used as received without further purification. 

Sample preparation 

orthorhombic γ-MnO2. The urchin-like orthorhombic γ-MnO2 were synthesized by a hydrothermal method according to a previous 

literature with a little modification.1 Typically, 1.3522 g manganese sulfate monohydrate and 1.8256 g ammonium persulfate were 

dissolved in 100 mL deionized water under magnetic stirring at room temperature for 20 minutes to form a homogeneous solution . 

Then this solution was transferred into a 100 mL Teflon-lined stainless steel autoclave, which was sealed and placed into an oven, 

maintaining at 100 °C for 10 h, followed by natural cooling to room temperature. The obtained brown-black precipitates were rinsed 

with deionized water and ethyl alcohol several times and then dried in a vacuum oven at 60 °C for 12 h. 

Phenolic resin. The phenolic resin was prepared following a literature method with some modification.2 In a typical procedure, 10.0 g 

phenol was melted at 40 °C in a flask and mixed with 2.13 g NaOH aqueous solution (5 mol L-1) under magnetic stirring for 20 min. 

Then 16.30 mL formaldehyde solution (37 wt %) was added dropwise at 45 °C, followed by increasing the temperature to 75 °C an d 

keeping for 1 h. The mixture was cooled down to room temperature with the PH value adjusted to about 7.0 by HCl solution (1 mol L -

1). The final product was obtained by removing water via vacuum evaporation at 45 °C. 10.0 g of the as -prepared phenolic resin was 

dissolved in 40.0 g ethanol to make a 20 wt % phenolic resin / ethanol solution. 

Mesoporous carbon. The ordered mesoporous carbon was also prepared according to a previous report.2 Typically, 0.8 g triblock 

copolymer F127 was mixed with 0.5 g HCl solution (0.2 mol L -1) in 8.0 g ethanol under magnetic stirring at 40 °C for 1h to form a clear 

solution. Then, 1.04 g Tetrathyl orthosilicate and 2.5 g 20 wt % phenolic resin / ethanol prepared above were added in sequen ce. After 

stirring for 2 h, the mixture was transferred into a dish, which was placed in a  fume hood for 6 h at room temperature to evaporate 

ethanol, followed by thermopolymerization at 100°C in an oven for 24 h. The as-made product was taken off and transferred into a 

tubular furnace, where calcination was carried out at 350 °C for 3 h and then at 900 °C for 2 h under Ar flow to get mesoporous carbon-

silica nanocomposites. The heating rate was 2 °C min-1 below 600 °C and 5 °C min-1 above 600 °C. The ordered mesoporous carbon 

was obtained by removing the silicon dioxides in a NaOH aqueous solution (2 mol L-1) and rinsing with copious deionized water and 

ethanol, followed by drying at 60 °C in a vacuum oven for 12 h. 

Birnessite manganese oxide/carbon composites. The formation of manganese oxides combined with carbon were achieved by the 

following synthesis strategy. 0.4 g F127 was mixed with 0.25 g HCl solution (0.2 mol L -1) in 4.0 g ethanol under magnetic stirring at 

40 °C for 30 min to form a clear solution. Then, 0.52 g Tetraethyl orthosilicate and 1.25 g 20 wt % phenolic resin / ethanol were added 

in sequence. After stirring for 30 min, 0.4 g urchin-like MnO2 prepared above was added to the solution, followed by 30 min stirring, 

10 min sonication and 30 min stirring again. The next procedures are the same as the preparation of the above ordered mesopor ous 
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carbon. To investigate the influence of the mass ratio of urchin-like MnO2 on the morphology and electrochemical performance of the 

composite, comparisons were made by tuning the mass of urchin-like MnO2 to 0.2 g and 0.1 g without changing other parameters. 

To study the formation mechanism of birnessite manganese oxides, relative experiments have been conducted: 

(1) Urchin-like MnO2 was treated in 2 M NaOH aqueous solution at room temperature for 12 h;

(2) Urchin-like MnO2 was calcined at 900 °C under Ar flow for 2 h and then treated in 2 M NaOH aqueous solution at room temperature

for 12 h.

(3) Manganese oxides/carbon composite were prepared through the same procedure as that of birnessite manganese oxide/carbon

composites with 0.2 g urchin-like MnO2 but without the addition of TEOS;

(4) Manganese oxides were prepared through the same procedure as that of birnessite manganese oxide/carbon composites with 0.2

g urchin-like MnO2 but without the addition of phenolic resin;

All the resulting samples were rinsed with deionized water and ethyl alcohol several times and then dried at 60 °C in a vacuum oven 

for 12 h. 

Physical characterization 

The crystallographic structures of the synthesized materials were determined by a powder X-ray diffraction system (XRD, Rigaku 

D/MAX 2550V) equipped with Cu Kα radiation (λ=0.15406 nm). The morpho logies of the materials were characterized by field-emission 

scanning electron microscopy (FESEM, HITACHI S4800) and high-resolution transmission electron microscopy (HRTEM, JZM-2100). 

Raman spectra were measured on an Iuvia Refl Raman spectrometer using a 531.4 nm laser as the excitation source. Nitrogen 

adsorption / desorption isotherms were measured on a Micromeritics ASAP-2010 surface area analyzer. The Brunauer-Emmett-Teller 

(BET) method was utilized to calculate the specific surface areas with the adsorption data, and the pore volumes and pore size 

distributions were obtained using the Barrett-Joyner-Halenda (BJH) model. The MnO2 content in the nanocomposites was determined 

by thermogravimetric analysis (TGA, NETZSCH STA 449F3) from room temperature to 800 °C in air at a heating rate of 40/10.0 (K/min). 

Electrochemical measurement 

The electrochemical properties of as-made materials, including cyclic voltammetry (CV), galvanostatic charge-discharge (CD) and 

electrochemical impedance spectroscopy (EIS), were investigated in a three-electrode system with 1 M of Na2SO4 aqueous solution as 

electrolyte on an Autolab PGSTAT302N electrochemical workstation. The working electrode was prepared by painting slurry, whic h 

consisted of 80 wt % active material, 10 wt % conductive carbon black and 10 wt % polytetrafluoroethylene (PTFE, 5 wt % in water) 

binder, onto a graphite paper (1*2 cm-2) with an area of 1 cm-2, followed by drying in a vacuum oven at 60 °C for 12 h. The loading 

mass of active materials on the working electrode is about 1.2 mg. In the three-electrode system, platinum foil and SCE electrode were 

employed as counter and reference electrodes, respectively.  
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Cycle voltammetry (CV) measurements were carried out in the potential range of -0.1~0.9 V at scan rates varying from 5 to 200 mV s-

1. The galvanostatic charge-discharge (CD) tests were performed in the potential range of -0.1~0.9 V at current densities from 0.5 to

20 A g-1. The specific capacitance (C, F g-1) of the electrode materials can be calculated from the galvanostaic discharge according to 

the following equation:  

C = (I Δt) / (m ΔV)                                                (S1) 

Where I is the discharge current (A), Δt is the discharge time (s), m is the mass of the electroactive materials  in the working electrodes 

(g) and ΔV is the potential range in the discharge process (V).

The specific capacitance (C, F g-1) of the electrode materials can also be calculated based on the CV curves according to the following 

equation: 

C = (ʃ I dV) / (ʋ m V)                                             (S2) 

Where I is the response current density (A g-1), V is the potential (V), ʋ is the potential scan rate (mV s-1), and m is the mass of the 

electroactive materials in the working electrodes (g). 

The electrochemical performance of solid-state asymmetric supercapacitors (ASC) was evaluated by a two-electrode testing system 

using manganese oxides as positive electrode, mesoporous carbon as negative electrode, and Na 2SO4/PVA as electrolyte, respectively. 

To achieve the maximum performance of the assembled ASC, we balanced the capacity (Q) of the positive and negative electrode 

based on Equation S3, which is associated with capacitance (C), potential window (∆V) and mass of active materials (Equation S4). 

Q- = Q+                                                                     (S3) 

Q = C × ∆V × m                                                       (S4) 

Combining Equation S3 and S4, the mass ratio of manganese oxides to mesoporous carbon on positive and negative electrodes 

respectively should satisfy the Equation S5. 

m+/m- = (C- × ∆V-) / (C+ × ∆V+)                           (S5) 

Energy density (E, Wh kg-1) and power density (P, W kg-1) are two important parameters for evaluating the electrochemical 

performance of supercapacitors, terms which can be calculated using Equation (S6) and Equation (S7) below:  

E = CV2 / 2  (S6) 

P = E / t  (S7) 
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Figure S1. SEM and TEM images of Mn/C18 (a, b) and Mn/C30 (c, d). 
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Figure S2. (a) SEM image of Mn/C63 on Si substrate. (b, c, d) EDS mapping of C, Mn and O elements.  
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Figure S3. SEM images of pristine MnO2 after (a) soaking in 2 M NaOH solution for 12 h, (b) calcination at 900 °C under Ar flow for 2 h, 

and (c) calcination at 900 °C under Ar flow for 2 h followed by soaking in 2 M NaOH solution for 12 h.  
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Figure S4. SEM images of pristine MnO2 after (a) calcination with only phenolic resin, (b) calcination with only phenolic resin followed 

by soaking in NaOH solution, (c) calcination with only SiO2, and (e) calcination with only SiO2 followed by soaking in NaOH solution. (d) 

and (f) are the amplified SEM images of (c) and (e), respectively. 
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Figure S5. EIS comparison of pristine MnO2 and Mn/C63. 
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Figure S6. (a) CV curves at different scan rates and (b) GCD curves at different current densities of mesoporous carbon in 1 M Na 2SO4. 
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Summary 

The phase transformation of MnO2 from orthorhombic to birnessite has been 

successfully realized by a facile method, where SiO2 and carbon play a crucial role. The 

transformed δ-MnO2 coupled with carbon exhibits superior electrochemical performance 

to the pristine orthorhombic γ-MnO2. A specific capacitance of 251.4 F g-1 has been 

achieved for the birnessite at a current density of 1 A g-1, almost tripling that of the 

orthorhombic. The solid-state flexible asymmetric supercapacitor assembled using the 

transformed birnessite δ-MnO2/carbon as the positive electrode and mesoporous carbon 

as the negative electrode possesses an operating potential window as high as 2.0 V 

accompanied with high energy density and power density. This work opens up a new 

avenue of changing the crystal structure of transition metal oxides to endow optimized 

specific properties, which is promising in various electrochemical applications.  
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Chapter 6 Conclusions and Outlook 

6.1 Conclusions 

In this thesis, high-performance electrodes based on earth-abundant materials have 

been developed via structure engineering. The developed synthesis strategies are green, 

low-cost and energy-efficient, and the products have been successfully applied in various 

energy conversion and storage systems, including water splitting, zinc-air batteries and 

supercapacitors. In Chapter 1, a comprehensive literature review is conducted, which 

covers the fundamentals of water splitting, zinc-air batteries and supercapacitors, as well 

as the recent progress on the synthesis of high performance electrodes. Synthetic methods 

featuring facile, energy-efficient and environmentally-friendly are crucial for fabricating 

high-performance electrode materials based on earth-abundant elements. 

In Chapter 2, a room temperature, electroless method, that is simply immersing nickel 

foam in ferric nitrate solution at room temperature is proposed, to in situ grow nickel-iron 

hydroxides on nickel foam. During this immersing process, the oxidation of the nickel 

foam surface by ferric nitrate ions increases the near-surface concentration of hydroxide 

ions, which results in the in situ deposition of a highly active, amorphous nickel-iron 

hydroxide layer (NiFeOxHy@NF). The electrocatalytic activity of nickel foam has been 

found remarkably enhanced towards oxygen evolution reaction (OER) in alkaline 

solution. In 1 M KOH, the fabricated NiFeOxHy@NF electrode shows very low OER 

overpotentials (e.g., 196 mV@10 mA·cm-2) with excellent durability. The overall water 

splitting property using a two-electrode configuration exhibits a current density of 25 

mA·cm-2 in 6 M KOH at an applied voltage of 1.5 V. By using this immersion method at 

room temperature, we successfully realize the facile and cost-effective fabrication of 

high-performance nickel-foam-based OER electrodes for alkaline water electrolysis. This 
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immersion strategy can be easily applied in industry for large-scale production of 

effective electrodes in various energy conversion and storage areas.  

In Chapter 3, a facile two-step method, mild acid oxidation followed by air calcination, 

has been developed to successfully convert inactive commercial carbon cloth to highly 

active flexible air electrodes with excellent oxygen electrocatalysis. Uniform, nanoporous, 

superhydrophilic surface structures with optimized oxygen-rich functional groups and a 

dramatically enhanced surface area are generated on the activated carbon cloth 

maintaining the original high flexibility and mechanical strength. The resultant carbon 

cloth exhibits superior bifunctional oxygen electrocatalytic activity as well as excellent 

stability, which can deliver a current density of 10 mA cm-2 at an overpotential of 360 

mV for OER and achieve a high onset potential of 0.9 V vs. RHE for ORR. The practical 

application of this two-step activated carbon cloth is realized by its utilization as air 

electrode in a flexible rechargeable solid-state zinc-air battery, which achieves a high 

open circuit voltage of 1.37 V, a remarkable peak power density of 52.3 mW cm-3 at 77.5 

mA cm-3, good cycling performance with a small charge-discharge voltage gap of 0.98 V 

and high flexibility. This proposed facile strategy provides the feasibility to cost-

effectively construct high-performance self-supported metal-free electrodes in various 

electrochemical applications. 

In Chapter 4, a low-cost, energy-efficient and green lateral confined diffusion (LCD) 

strategy for industrialization has been developed for ambient in-situ growth of defect-rich, 

ultrathin two-dimensional (2D) metal hydroxides nanosheets on nickel foam. This LCD 

method is realized by vertically immersing nickel foam in a small volume of metal nitrate 

aqueous solution, which controls ion lateral diffusion in a confined zone. The effects of 

controlling ions lateral diffusion distance have been systematically studied on the 

microstructure and electrochemical properties of metal hydroxides grown on nickel foam. 
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One concept, the ratio of electrode area to precursor volume consumption (REAVC, cm2 

mL-1), has been proposed to describe the economy of different synthesis methods. This 

LCD strategy possesses the largest REAVC value of 2.0 cm2 mL-1 reported so far. The 

synthesized defect-rich, ultrathin NiFe hydroxide nanosheets on nickel foam exhibit 

outstanding activity for both oxygen evolution reaction (OER) and hydrogen evolution 

reaction (HER). The assembled two-electrode overall water splitting device can be 

powered by a commercial silicon solar cell, achieving a current density of 10 mA cm-2 at 

1.50 V in 1 M KOH solution. The proposed LCD strategy makes it possible for 

economical construction of high-performance electrodes in industry, and is promising for 

the future synthesis of active materials on different substrates for various electrochemical 

applications. 

In Chapter 5, we have investigated the phase transformation of MnO2 from 

orthorhombic to birnessite by a facile method. In this process, both SiO2 and carbon are 

found to play a crucial role. When used as positive electrodes in supercapatitors, the 

resultant δ-MnO2 coupled with carbon exhibits superior electrochemical performance to 

the pristine orthorhombic MnO2 in terms of specific capacitance, rate capability and 

cycling stability. A specific capacitance of 251.4 F g-1 has been achieved for the birnessite 

at a current density of 1 A g-1, which is almost three times higher than that of the 

orthorhombic. This work opens a new avenue of changing the crystal structure of 

transition metal oxides to endow optimized specific properties, which is promising in 

various electrochemical applications. 

The main contributions of this thesis are: 

(1) Examination of rational electrode structure engineering for novel nanostructured

electrode systems and exploration of the potentials for the applications in various

electrochemical energy conversion and storage devices;
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(2) Development of a simple immersion strategy at ambient temperature for the growth

of nickel-iron hydroxides on nickel foam with high electrocatalytic activity towards

the oxygen evolution reaction;

(3) Activation of inactive commercial carbon cloth via a facile, two-step method to

generate oxygen-rich functional groups with high oxygen electrocatalytic activity;

(4) Controlling ion diffusion in a confined zone for uniform deposition of different metal

hydroxides on large-size current collectors;

(5) Investigation of the phase transformation of manganese oxides from orthorhombic to

birnessite to enhance the material’s electrochemical performance as a supercapacitor

electrode;

(6) Elucidation of the growth mechanisms of the advanced electrode materials and the

origin of their exceptional activity in different applications.
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6.2 Outlook 

In this thesis, significant progress has been achieved in the area of structure engineering 

for high-performance electrodes, from fundamental studies to applications in 

electrochemical energy conversion and storage. The need for advanced electrode 

materials with precisely engineered structural features brings new challenges for the 

development of next-generation technologies.  

From a material synthesis point of view, constructing suitable electrode materials with 

desirable structural properties is vital for required applications. Different synthetic 

methods can be adopted to engineer the structures of nanomaterials, varying structural 

features including crystallinity, crystal phase, defect, doping, size, thickness, strain, and 

other surface properties. These structural features determine the physical, chemical, and 

electronic properties of nanomaterials, highly related to the performance in applications. 

Therefore, it is one of the challenges to synthesize proper nanomaterials with desired 

structural characteristics by a controllable means. In addition, the current production yield, 

quality and rate of many synthetic strategies are still far from the criteria required for 

industrialization or commercialization. Although some widely used lab-directed growth 

methods, such as hydrothermal method and electrodeposition, are beneficial to achieving 

robust electrode materials with high performance, they are energy-intensive and lack of 

precise and economical design for the whole system, requiring either complex processes 

or harsh synthesis conditions which inevitably increases the cost for large-scale 

production. In our work, the proposed immersion strategy by confining reaction 

environment is promising for scalable and reproducible production of nanostructured 

materials on different substrates. This strategy can ensure identical synthetic conditions 

and homogeneous growth of nanomaterials on the whole substrates spatially, and 

relatively small volume of precursor solution can be utilized for large-size electrode 
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fabrication. In particular, this reaction environment confinement strategy is possible to be 

extended to other synthetic methods like hydrothermal method and electrodeposition. 

Relevant works are in progress.  

From a characterization point of view, it is critically important but difficult to 

understand and observe the growth progression of nanomaterials. Exploring the growth 

mechanism should have reference significance to precisely design electrode materials 

with delicate structures. Recently, some effective in-situ characterization techniques, such 

as in-situ TEM, in-situ XPS and in-situ Raman spectroscopy, have been well developed. 

On the other hand, some advanced characterization techniques can visualize the 

composition and detailed structural information of nanomaterials even down to atomic 

level. As the physical, chemical, and electronic properties of nanomaterials are highly 

dependent on the structural features, these characterization techniques are powerful to 

analyse and built the correlations between microstructures and properties. The 

composition, morphology and the oxidation state of metal ions as well as the 

intermediates of metal oxides/hydroxides during electrochemical reactions rely greatly 

on the applied potential and reaction conditions. In-situ and operando characterization 

techniques are useful to better understand the catalysts and their reaction mechanisms, 

which can provide guidelines to rationally designing high-performance electrode 

materials. Besides, the use of density functional theory (DFT) techniques has grown 

tremendously in recent years, because it can not only help explain and interpret specific 

properties of nanomaterials but also facilitate the prediction of completely new materials 

with desired properties. The combination of experimental characterization and DFT 

calculation is promising for the study of mechanisms and preparation of new advanced 

electrode materials. 
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From an application point of view, electrodes’ high activity and long-term stability are 

two vital properties for their potentials in practical applications. Most nanomaterials tend 

to aggregate in solution and lose the advantages such as high surface area and high 

exposed active sites, or they can be easily oxidized in ambient condition or liquid solution 

leading to structural decomposition/degradation. During electrochemical reactions in real 

applications, nanomaterials may undergo structural change, decomposition, or collapse, 

resulting in the unstability of their performance. One feasible means to address this issue 

is to combine two or more different materials and utilize the synergistic effects between 

them to stabilize the active components. Another thing is that nanomaterials are usually 

prepared in the form of powders and need to be coated on current collectors as electrodes. 

The difficulty of this direct coating method lies in the uniform distribution of 

nanomaterials on an irregular surface. The weak physical contact between the active 

materials and substrates can lead to significant electronic contact resistance. The aid of 

polymeric binders is always required, which inevitably decrease the contact area between 

electrolyte and active sites and thus deteriorate the electrical conductivity of the 

electrodes. Consequently, the stability of this kind of electrodes is relatively poor with 

direct coating, and also high current density or vigorous gas evolution may cause the 

detachment of the coated layer. As a solution, in situ growth of nanomaterials on 

substrates is advantageous for realizing homogeneous deposition of active materials with 

good bonding even on irregular surfaces. Therefore, exploring simple but reliable 

methods to fabricate robust high-performance electrodes with prolonged durability 

remains one of the most critical challenges. 
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