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Abstract 

Abstract 

The storage of renewable but intermittent solar energy is essential for economy and environmental 

security, which will change the way the world use energy in the future. The challenge of practical 

application of energy storage technologies lies in the low energy conversion efficiency. The 

development of active and efficient catalysts based on earth-abundant transition metals is critically 

important for improving the efficiency of solar or solar-electricity driven systems to produce 

hydrogen fuel and hydrogen-rich compounds (e.g. urea and ammonia). This project seeks to exploit 

hierarchical and mesoporous electrode materials and study their performance in energy conversion 

and storage including hydrogen production, ammonia synthesis and supercapacitors.   

    In chapter 2, a core–shell structured bifunctional electrocatalyst composed of a metallic Ni3Fe alloy 

nanosheet-framework and a thin layer of Ni3Fe(OH)9 shell. The vertically-aligned Ni3Fe alloy 

nanosheet provides large electroactive surface area and accelerates the electron transport, and the 

Ni3Fe(OH)9 nanoshell allows easy access for reagents and electrons and high catalytic activity. The 

electrochemical performance and catalytic activity for oxygen evolution and hydrogen evolution 

reactions in alkaline media were investigated  

    Furthermore, a three-dimensional MnO2/MnCo2O4/Ni core–shell heterostructured electrode was 

fabricated through a facile hydrothermal method followed by electrodeposition. This electrode architecture 

consists of four levels of interconnected nanostructure: a primary macroporous Ni foam scaffold (≥500 

μm), an intermediate MnCo2O4 core-nanoflake array (50–100 nm), topmost 2D MnO2 nanosheets (∼10 

nm) and short-range ordered mesopores (∼5 nm) on the MnO2 nanosheets. This freestanding 

MnO2/MnCo2O4/Ni exhibits excellent selectivity for the urea oxidation reaction and comparable hydrogen 

evolution reaction performance to Pt/C in alkaline solution. This noble-metal-free quadruple hierarchical 

electrode shows potential as a new strategy for energy-related applications. 
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    Besides, Au-nanoparticle-modified (BiO)2CO3 nanodisks have been fabricated through a facile 

hydrothermal method followed by chemical bath deposition. The photocatalytic activity of 

Au/(BiO)2CO3 in the nitrogen reduction reaction for artificial photosynthesis of ammonia in a pure 

water system was examined at atmospheric pressure and room temperature. The introduction of Au 

nanoparticles can significantly enhance the light trapping and charge separation, leading to an 

Au/(BiO)2CO3 hybrid catalyst which exhibited outstanding performance for ammonia production. 

However, further improvement in catalytic stability is required.  

    In Chapter 5, a highly ordered mesoporous MnCo2O4 with hierarchical porosity and high surface 

area of 133 m2/g was synthesized through a facile nanocasting method and applied in a hybrid 

supercapacitor. This study demonstrated that ordered ternary mesoporous materials with controllable 

porosity have great potential for high-energy-density electrochemical energy storage. In chapter 6, a 

binder-free, core-shell structured MnCo2O4 was further synthesised through a facile hydrothermal 

and electrodeposition method. The obtained dual-MnCo2O4/Ni electrode possesses multiple 

hierarchy, and, when used in a hybrid capacitor, achieved an excellent capacity of 283 mAh g -1 and 

long-term performance stability over 2000 cycles.  
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Chapter 1 

Scientific Introduction 

1.1 Energy Matter and Storage Requirement 

Increased global energy demand and environmental issues have triggered the development of 

sustainable and renewable energy.1 So far, electricity, as a secondary clean energy resource, 

is the dominant form of energy, and demand for electricity is increasing at a rapid pace.2, 3 

Approximately 68% of current worldwide electrical energy is derived from fossil fuel 

combustion (coal (42%), natural gas (21%), oil (5%)), with other contributions from nuclear 

(14%) and only 3% is supplied from renewable energy techniques.4 The use of coal and 

natural gas for electricity generation is a primary cause of the significant rise in greenhouse 

gas and airborne dust, resulting in severe climate change and pollution.5-7 Meanwhile, fossil 

fuel production is predicted to peak over the next several decades.8 The development and use 

of renewable energy sources for electricity and other power generation becomes an effective 

solution to address these issues.  

In terms of clean energy supply, solar energy dwarfs all other energy sources because it is 

inexhaustible, environmentally benign, and offers substantial storage. The energy from the 

sunlight striking the earth’s surface (~ 1.74×105 terawatts, TW), is more than all other 

renewable energy sources (such as wind and hydropower) and two minutes sunlight striking 

is enough to meet worldwide energy requirement for an entire year (< 20 TW).9 Moreover, 

the global annual energy consumption from renewable sources has grown at an average rate 

of 2.2%, especially high for solar photovoltaic at 46.2% since 1990 (Figure 1).10 However, a 

key issue preventing large-scale application of solar power is its intermittency; the sunlight is 

only available in the daytime and in the absence of clouds. Thus, advanced technologies and 
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devices are needed to harvest solar energy economically and convert it into storable, 

transportable and useful chemical fuels. 

 

 

Figure 1. Annual growth rates of world renewable energy supply since 1990 (data adapted 

from International Energy Agency 2014). 

1.2 Hydrogen Production  

Electricity is difficult to store in large amounts, but hydrogen is easier with proper 

infrastructure. Hydrogen fuel is one of the most promising renewable candidates to replace 

conventional fossil fuels. Although hydrogen fuel is a zero-emission source of energy, it is 

locked up in vast amounts in water, hydrocarbons and other organic compounds.11, 12 Owing 

to its environmental friendliness and high energy density, hydrogen fuel has significant 

potential in a variety of applications, both in industrial manufacturing and daily life (Figure 

2): i) Hydrogen fuel cells can serve as a green household energy supply to replace the 

conventional power grid, avoiding the huge energy losses during transport. ii) Benefiting 
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from its high energy density, hydrogen is an ideal liquid fuel for modern industry. iii) 

Hydrogen fuel engines exhibit zero carbon dioxide emission, and have the potential to 

replace traditional internal combustion engines to power vehicles.13-15  

 

Figure 2. Schematic view of renewable hydrogen fuel cycles and applications.  

Hydrogen is the simplest element, which consists of one proton and one electron. As a 

fuel, hydrogen is storable, transportable and usable energy, but is rarely found naturally on 

earth. Currently, the most commonly used technology to produce hydrogen is steam 

reforming from natural gas, oil or coal, accounting for 48%, 30% and 18% of hydrogen 

production, respectively.16 This process consists of two major steps: endothermic reactions to 

yield syngas, and a water gas shift reaction. In the first stage, the methane reacts with water 

to form carbon monoxide and hydrogen at high temperature (1). In the second stage, the 

obtained carbon monoxide further reacts with water to generate more hydrogen as well as 

carbon dioxide (2).  

CH4 + H2O → CO + 3H2 (Ni catalyst)         (1) 

CO + H2O → CO2 + H2 (Fe catalyst)           (2) 

So far, hydrogen derived from non-renewable natural gas is the cheapest and dominant 

source for industrial supply. However, the generation of hydrogen fuel from hydrogen-
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containing hydrocarbons would inevitably cause continued carbon dioxide emission, leading 

to further exacerbation of the global warming issues.17 In addition, this kind of hydrogen 

often contains large amounts of impurities which requires further purification.18  

Apart from hydrocarbons, hydrogen can also be obtained from separating water into 

oxygen and hydrogen using an electric current. The utilization of renewable and sustainable 

energy sources to split water for hydrogen production is the key technological component of 

a hydrogen economy.19, 20 Besides, immense reserves of hydrogen are stored in water, which 

covers more than 70% of the earth surface. As a long-term technology pathway, the use of 

solar or solar electricity to directly dissociate water to oxygen and hydrogen is regarded as 

the key source of renewable hydrogen fuel. So far, renewable hydrogen only accounts for 2–4% 

of global hydrogen fuel production, to increase this requires reducing costs via improved 

technology.21, 22

Water electrolysis consists of the anodic oxygen evolution reaction (OER) and cathodic 

hydrogen evolution reaction (HER), both involving multistep proton-coupled electron 

transport processes (Figure 3). Hence, it usually requires more input energy than the 

thermodynamic potential of 1.23 V to drive both uphill reactions to occur at appropriate rates. 

For industrial alkaline water electrolysis systems, the cell voltage efficiency range is 52–69%, 

corresponding to at least 31% energy lost.23 Obviously, the cost of the hydrogen fuel is 

determined by the cost of the overall energy input; reducing this is the key for large-scale 

application of renewable hydrogen fuel. Therefore, it is critical to increase the overall energy 

conversion efficiency to make the renewable hydrogen price comparable to the cost of fossil 

fuel. A variety of catalytic materials have been investigated for electrolytic water splitting to 

produce hydrogen fuel. However, efficient and low-cost catalysts which can be expanded to 

industrial applications are still lacking. 
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Figure 3. Schematic diagram of water electrolysis to produce hydrogen and oxygen.  

1.2.1 Hydrogen Evolution Catalyst 

Hydrogen evolution is the cathodic reduction reaction in an electrochemical water splitting 

cell, which involves a two-electron transfer process to form one hydrogen molecule. The 

balanced HER half reactions, are: 2H+ + 2 e- → H2 (acid media) and 2H2O + 2e- → H2 + 

2OH- (alkaline media). In pursuit of high energetic efficiency for water splitting, cathodic 

catalysts are required to minimize the overpotential of the HER process. Hydrogen evolution 

catalysts (HECs) can basically be divided into three categories: i) pristine metals, ii) alloys or 

mixtures of metals and iii) metal compounds containing both metallic and non-metallic 

elements. In this section, several representative HECs, including their preparation methods 

and catalysis mechanisms for each category, are discussed.24-27  

The HER catalysed on metal catalysts is generally considered to be a two-step process. To 

initiate the reaction, a proton must first be reduced and adsorbed onto the surface of the HEC 

(the Volmer step). Subsequently, two adsorbed hydrogen (Hads) atoms combined together to 

release a hydrogen gas molecule (the Tafel step). The second Hads can also be obtained by 

reducing another solution proton species (the Heyrovsky step). These processes in both acidic 

and basic solution are listed below, where M represents a metal HEC.28, 29 

Acidic solution: 
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M + e- + H+ → M-Hads (Volmer step) 

M-Hads + M-Hads → H2 + 2M (Tafel step)

M-Hads + e- + H+ → H2 + M (Heyrovsky step)

Alkaline solution: 

M + e- + H2O → M-Hads + OH- (Volmer step) 

M-Hads + M-Hads → H2 + 2M (Tafel step)

M-Hads + e- + H2O → H2 + M + OH- (Heyrovsky step)

Platinum is the best performing HEC discovered to date, giving very small overpotentials 

even at high reaction rates in acidic conditions.30 Figure 4 depicts the HER volcano plot 

demonstrating the relationship between the M-H bond and the exchange current. Pt is 

presented at the top of the volcano plot, showing that the Pt-H bond strength is optimal for 

the combination of adsorption/reduction of H+ and release of hydrogen gas. However, the 

scarcity and high cost of Pt restrict its widespread technological application for large-scale 

hydrogen production.  

Figure 4. Volcano plot showing the relationship between the exchange current and the M-H 

bond strength. Reprinted with permission from Ref. 30, Copyright 2009 Elsevier. 
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Although other metals below Pt on the volcano plot have decreased HER catalytic activity, 

many of them are non-noble metals (Ni, Co, Cu et al.) and much cheaper than Pt.31-34 

Modifying the morphology of these metal HECs for optimum performance is one approach 

that may enable a viable efficiency-to-cost ratio to be achieved. For instance, in studies of 

nickel, the number of effective active sites for HER and the electrode surface area have been 

increased. Nevertheless, most of these non-noble metals are not stable in acidic media, and 

the HER test has to be carried out in alkaline environments.31-33, 35-37 They usually require a 

high overpotential (η10 mA > 200 mV) to achieve a current density of 10 mA cm-2 (the 

overpotential to deliver a current density of 10 mA is often used as a benchmark to evaluate 

HER activity). This implies that the HER activity of pristine metal catalysts is unlikely to 

surpass that of Pt, which typically shows η10 mA < 50 mV. One strategy to further promote the 

HER activity and stability of metal-based HECs is to develop metal alloys and mixtures. 

Binary and ternary metal alloys usually exhibit improved HER performance compared to 

that of their corresponding single metal counterparts. The improved activity and stability is 

generally related to the following three aspects. Doping with one or two other metals may 

significantly alter the surface morphology, leading to a rougher electrode surface. As a result, 

higher current density can be achieved due to the enlarged surface area.34 Doping can also 

change the electronic properties. Different transition metals exhibit different d-orbital 

characteristics, which may affect the strength of the M-H bond for proton adsorption and 

reduction. In addition, metal alloys usually have increased charge transfer capability, 

benefiting the overall HER process. 38 Finally, the improvement may also be ascribed to 

synergistic effects. As the HER is a two-step reaction, the rate-limiting step can change for 

different metals. Each component in the metal alloy may show optimum activity for different 

steps, thus resulting in an overall catalytic performance that is superior to those of the 

corresponding single-metal counterparts. For example, Ni and Mo have different roles in the 
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NiMo catalyst system for the HER. The Ni sites are favourable for proton reduction and 

adsorption, while the Mo sites show fast kinetics for further reducing the adsorbed hydrogen 

to hydrogen molecules.39 Although these mixed-metal HECs still require alkaline catalytic 

conditions, their HER performances are superior to those of their components, and are 

sometimes even comparable to that of Pt at high reaction rates.35-37, 40 

Figure 5 Typical strategies for designing hybrid materials for enhanced electrocatalytic 

performance. Reprinted with permission from Ref. 56, Copyright 2018, American Chemical 

Society. 

In addition to metallic materials, compounds containing both metallic and non-metallic 

elements have also been extensively investigated in search of cost-effective and highly active 

HECs (Figure 5). Among them, some transition metal oxides/hydroxides have been 

extensively studied for HER under cathodic conditions, and exhibit very high activity and 

stability in both acidic and basic media. Examples include RuO2,41 and NiFe layered double 

hydroxide;42 the latter showed HER performance comparable with that of Pt at high current 

density under basic conditions. Moreover, chalcogenides — metal sulfides and selenides, 

such as MoS2 and CoSe2 — have also attracted a great deal of attention for HER.43, 44 Metal-

phosphides are another category of compounds which show promising HER activity. 
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Recently, iron phosphide (FeP) has been reported as an excellent HER catalyst in both acidic 

and neutral media.45-50 

1.2.2 Oxygen Evolution Catalysts 

The oxygen evolution reaction (OER) is the complementary anodic half reaction in a water 

electrolysis system with a thermodynamic potential of 1.23V. It requires four electron-and-

proton transfers to release one oxygen molecule, and is consequently the major challenge for 

the overall efficiency of electrolysers. Therefore, efficient oxygen evolution catalysts (OECs) 

are needed to reduce the anodic overpotential and increase the reaction rate. The most 

intensively studied OECs can be divided into three major categories: i) binary oxides of noble 

metals, such as RuO2 and IrO2, ii) oxides and oxyhydroxides of earth-abundant transition 

metals including Mn, Fe, Co and Ni and iii) ternary oxides with specific crystalline structure, 

such as perovskite or spinel.  

Figure 6 depicts the OER volcano plot of a variety of transition metal oxides showing the 

relationship between the OER activity on the metal oxide surface against the transition 

enthalpy in either acidic or basic conditions. Noticeably, IrO2 and RuO2 are at the top of this 

plot, revealing their superior catalytic activity over most other materials for OER to date.51, 52 

As a result, both IrO2 and RuO2 are often used as benchmark OECs for OER performance 

comparison. However, the high price and low abundance of IrO2 and RuO2 make them not 

feasible for large-scale commercial application. Therefore, intensive research interest has 

been focused on improving the OER performance of cost-effective materials such as Co, Ni 

and Fe.  
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Figure 6 Volcano plot showing overpotential for O2 production on metal oxide surfaces 

versus the enthalpy of formation of the oxide in acidic (□) and basic (■) solutions. Reprinted 

with permission from Ref. 52, Copyright 2016, Elsevier. 

It is generally considered that the oxygen is evolved from the metal oxide surface rather 

than the bare metal, and the mechanism and pathways are more complex than those of the 

HER. OER mechanisms vary with surface structure. Catalysts with the same composition but 

different morphology, thickness or preparation method can show different mechanisms.53-56 

Despite all this, a general OER mechanism and catalytic pathway on metal oxide surfaces has 

been proposed as below:  

Alkaline media: 

M + HO- → M-OH + e-  

M-OH + HO- → M-O + H2O + e-   

M-O + HO- → M-OOH + e-  

M-OOH + OH- → M-O2 + e- + H2O 

M-O2 → O2 + M 

Acidic media:  

M + H2O → M-OH + H+ + e-  
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M-OH → M-O + H+ + e-  or 2M-OH → M-O + M + H2O

2 M-O → M + M-O2 or M-O + H2O → M-O2 + 2H+ 

M-O2 → O2 + M

First row transition metal oxides (TMOs) such as CoOx, NiOx and FeOx have been 

extensively investigated as anode catalysts for OER.50, 57-61 It is recognised that their catalytic 

activity (NiOx > CoOx > FeOx) is opposite to the bond strength of OH-M2+δ (0 < δ < 1.5, Ni < 

Co < Fe).62,63 However, the OER activity of TMOs can be improved by fabricating them with 

desired dimension and nanostructures. For example, the control of morphologies can be 

easily realised by duplicating the mesoporous block copolymers and silica templates. By 

varying the copolymer compositions (i.e. molecular weight and PEO weight fractions) and 

inorganic contents, different mesostructures can be achieved as illustrated in Figure 7.  

Figure 7 Ternary diagram mapping out morphologies directed by various templates. 

Reprinted with permission from Ref. 63, Copyright 2013, The Royal Society of Chemistry.   
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Layered transition metal hydroxides and double hydroxides are another branch of non-

noble metal OECs which can be synthesized via a variety of approaches including 

hydrothermal, electrodeposition, and chemical vapour deposition methods. These layered 

hydroxide catalysts exhibit varied activities, which are related to their inter-slab spacing, 

thickness and porosity.64 Among them, NiFe layered double hydroxides (LDH) are the most 

widely studied material, which shows an extremely low OER onset potential of 1.47 V vs. 

RHE, high turnover frequency of 0.05 s-1 and excellent catalytic current delivery ability.65 All 

these outstanding OER properties are superior to those of the benchmark IrO2 and RuO2 

electrocatalysts. Furthermore, research interest was further extended to improve the poor 

electrical conductivity of NiFe-LDH by coupling them with conducting carbon materials such 

as graphene.66-70 More importantly, the combination of NiFe-LDH with nanostructured 

carbon can further induce synergistic effects, leading to greatly enhanced OER performance. 

Although the actual active sites/centres are not yet clear, the NiFe-LDH based materials are 

the most promising OECs for future commercial application. Other transition-metal based 

materials including perovskites, nitrides, carbonate hydroxides, phosphides, and 

chalcogenides have also attracted tremendous attention for OER owing to their unique 

physicochemical properties.50, 71-79 

1.3 Nitrogen Cycle 

Like the “carbon cycle” and “water cycle”, the “nitrogen cycle” is another significant energy- 

related cycle.80, 81 In the natural nitrogen cycle, atmospheric nitrogen can be converted into 

various inorganic, organic and bio-available compounds. Among them, ammonia and urea 

are the most important nitrogen-containing compounds to human society for fertilizer and 

energy storage. In this section, two important energy-related reaction processes in the 

nitrogen cycle: the nitrogen reduction reaction (NRR) and urea oxidation reaction (UOR), 

have been summarized.  
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1.3.1 Nitrogen Reduction Catalysts 

 

Figure 8 Schematic view of energy-saving ammonia production and applications.  

 

Ammonia has a number of favourable attributes, the primary one being its high capacity for 

hydrogen storage, 17.6 wt.%, based on its molecular structure. Ammonia is also considered 

as a potential carbon-free and eco-friendly energy storage intermediate, and is widely used in 

various fields (Figure 8).82-86 In nature, ammonia can be produced through enzymatic 

reactions and geochemical fixation. However, these natural ammonia-production processes 

suffer from relatively low reaction rates and poor control, and are not capable of keeping up 

with the rising demand for ammonia.87  Currently, the industrial-scale production of ammonia 

relies on the classic Haber-Bosch process, which uses Fe- and Ru- based catalysts to 

synthesise ammonia at high temperature and pressure (e.g. ~ 500 °C, 300 bar).88 This process 

consumes 1–3 % of the global annual energy supply and 3–5% of world’s annual natural gas 

production, meanwhile emitting large quantities of carbon dioxide into the atmosphere.80 Due 

to the strong covalent bonds of nitrogen, the fixation of nitrogen with high efficiency at 

ambient conditions is a significant scientific challenge.   
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Figure 9 (a) Schemes of the NRR via different pathways and (b) Volcano plot for the NRR 

on a range of metals with the HER volcano plot overlapped for comparison. Reprinted with 

permission from Ref. 89, Copyright 2011, Wiley. 

   Recently, the concept of a proton-assisted NRR system integrated with renewable solar 

energy for ammonia production in a sustainable and environment friendly process has 

attracted intensive research interest.90-93 However, the NRR is a kinetically sluggish reaction 

requiring high energy input to break the strong triple bond of molecular nitrogen (940.95 

kJ/mol) into  nitrogen atoms.94 The mechanisms of NRR are classed as either dissociative or 

associative mechanisms, as shown in Figure 9a.95 In the dissociative mechanism, the triple 

bond of the nitrogen molecule should be broken and two active nitrogens are then adsorbed 

onto the surface of the catalyst. Afterwards, the hydrogen atoms are added to the active N-

atoms, one by one, to form the ammonia molecules. In contrast, in the associative pathway, 

the nitrogen molecule is adsorbed onto the catalyst surface with the two N-atoms remaining 

bound to each other. The triple bond is cleaved as part of the hydrogenation process for each 

N-atom. Similar to the HER and OER, a volcano plot of NRR on a range of transition metal 

surfaces has also been constructed through density functional theory (DFT) calculations 

(Figure 9b). As the HER is a competitive cathodic reaction, the design principles for NRR 



 15 

catalysts need to consider the adsorption energy of N2, protonation energy of NH* to NH2
* 

and the catalytic selectivity.96  

     Recently, nanostructured Au/b-Si, Au/Bi2O3, and TiO2 with oxygen vacancies have been 

reported as excellent nitrogen reduction catalysts (NRCs) for photosynthesis of ammonia.97-99 

The experimental setup is shown in Figure 10. However, the energy conversion efficiency 

and ammonia yield are far below those required for practical application. According to the 

DFT results, the criteria for NRCs can be summarized as follows: i) the nitrogen molecule 

can be easily adsorbed onto the NRC surface for sufficient activation of the inert triple bond 

of the nitrogen molecule, ii) the NRCs should have suitable stabilization for the N2H* species 

and iii) appropriate destabilization of N2H* is needed to reduce the required overpotential 

during the hydrogenation process.96 It is worth noting that most NRC design is based on 

theoretical calculations. The study of efficient NRCs is still a new research field and more 

exploration is needed.  

 

Figure 10 Schematic diagram demonstrating the photosynthesis of ammonia in aqueous 

solution under ambient conditions. Adapted with permission from Ref. 98, Copyright 2017, 

American Chemical Society.    
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1.3.2 Urea Oxidation Catalysts 

Urea is another important hydrogen storage material which offers high energy density, low 

cost, low toxicity, and simple storage and transport. Besides, the electrolysis of urea-

containing water is also a promising approach to produce hydrogen fuel. In a urea 

electrolyser cell, the urea oxidation reaction (UOR) (CO(NH2)2 + 6OH-  → N2 + 5H2O + CO2 

+ 6e-) occurs at the anode, while hydrogen gas was generated at the cathode via the HER. The 

thermodynamic onset potential of UOR is 0.37 V vs. RHE, which is much lower than 

potential required for the OER (1.23 V vs. RHE).100-102 Hence, the UOR is, in principle, a 

more efficient process than the OER for hydrogen generation. Nonetheless, the UOR 

involves a complicated gas-evolution process and is also kinetically sluggish.  Usually, 

noble-metal based electrocatalysts such as Pt, Rh and Pd, are required to drive this uphill 

reaction at adequate reaction rates. However, the high price of these noble-metal based 

materials hinders their widespread application, thus cost-effective and efficient catalysts are 

critical.  

To date, a variety of non-noble transition-metal based catalysts with different 

nanostructures, lateral sizes and active site oxidation states have been reported. Examples 

include small MnO2 nanosheets with sub-nanometer thickness, S-doped Ni(OH)2 nanosheets 

and Ni-based metal-organic-framework (MOF).101, 103, 104 The material size, electronic 

conductivity and available surface area are crucial factors for designing excellent UOR 

elecrocatalysts.105-108 Despite extensive research into the UOR, understanding of the 

mechanism and its practical application are still lacking.  

1.4 Supercapacitors  

Electrochemical capacitors (also called supercapacitors) are one of the most efficient energy 

storage devices. They store the energy by means of charge separation. Supercapacitors bridge 

the gap between electrolytic capacitors and rechargeable batteries as they typically show 
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capacity 10 – 100 times greater than that of electrolytic capacitors, meanwhile, realizing 

much faster charge/discharge cycles than those of batteries. Moreover, supercapacitors also 

have the advantages of long life stability (e.g., specific capacitances without obvious decays 

after thousands of charging/discharging cycles) and high Coulombic efficiencies.109-113 Based 

on the differences in the mechanism of electrical energy storage, supercapacitors can be 

classified into two categories: electrochemical double layer capacitor (EDLC) and 

pseudocapacitor (Figure 11). In the EDLCs, the charge-separation process occurs at both 

negative and positive electrodes to form two electrical double layers. In comparison, the 

pseudocapacitor behaviour is similar to that of a rechargeable battery, where reversible 

Faradaic charge transfer takes place and a chemical redox reaction occurs between the 

electrode materials surface and the electrolyte ions. Recently, a new type of battery-

supercapacitor hybrid system, which combines EDLC materials with battery-type materials, 

has attracted great research interest.114-118 These combined hybrid capacitors exhibit both the 

high energy density of pseudocapacitors and high-power density of EDLCs. For practical 

application, technological progress in terms of active material design and device manufacture 

is still required. 

Figure 11 Comparison the working mechanisms between double layer capacitor and pseudo-

capacitor. Adapted with permission from Ref. 113, Copyright 2016, Royal Society of 

Chemistry.  
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1.5 Hierarchical Nanoporous Materials 

Nanoporous materials contain well-defined pores within an organic or inorganic framework. 

According to the pore size, nanoporous materials can be classified into three categories: 

microporous materials (0.2 – 2 nm), mesoporous materials (2 – 50 nm) and macroporous (50- 

1000 nm). By taking advantage of the regular porous matrix, nanoporous materials offer 

massive surface areas and the pores can be tailored so that particular reagents and products 

are favoured.119-121 Broadly speaking, hierarchical materials can be recognised as another 

type of porosity.  The hierarchical order of a materials can be defined as numbers of levels of 

scale with recognised structures, which range from molecular level over mesoscopic length 

(nm) to macroscopic dimensions (µm).122-124 Although each level of hierarchy is different in 

size scales and morphologies, all structures should be interconnected forming an integrated 

entirety. In addition to the benefit arising from the high porosity, hierarchical structures also 

offer advantages of high utilisation rate of space to build more sophisticated nanostructures. 

The combination of ideas of hierarchical and nanoporous architecture in building 

electromaterials can further improve the exposure of electroactive sites and electrolyte/ion 

accessibility. Over the past decade, hierarchical porous materials have been intensively 

studied for a variety of applications, such as catalysis, energy storage, and 

sorption/desorption. In pursuit of high surface area, hierarchy and porosity, a large variety of 

synthesis methods have been developed, including templating, hydrothermal/solvothermal 

methods and electrodeposition.  

1.5.1 Templating Method 

Templating can be further subdivided into hard and soft templating, depending on the 

structure-directing agents used. The soft-template method is a sol-gel process which uses 

surfactants such as Pluronic P123, Pluronic F127, and Fuji 56 to control the pore size and 

internal structure. The synthetic pathways are generally divided into direct co-
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condensation with opposite charged surfactants and indirect co-condensation of similarly 

charged species mediated by the addition of counter ions (K+ and Na+) at the interface 

between surfactant and inorganic.125, 126 

    Another widely used soft templating method is polymeric micelle self-assembly 

technology, especially useful in the synthesis of ordered semicrystalline porous metallic 

and metal oxide materials (e.g. Pt, SnO2, TiO2, Al2O3, ZrO2) using commercial 

poly(alkylene oxide) block copolymers as surfactant/templates.127-133 The mechanism of 

the polymeric micelle assembly process has also been investigated via the in-situ small 

angle X-ray scattering (SAXS), wide angle X-ray scattering (WAXS) and Fourier 

transform infrared (FTIR) spectroscopy in the past several decades, and can be 

categorised into three steps: i) preparation of stable solution containing copolymer and 

metal precursor with appropriate stoichiometry; ii) evaporation associated with self-

assembly process. The complete evaporation of solvent may induce the progressive 

concentration of the metal precursors into a homogeneous, flexible and condensed 

network surrounding the copolymer mesophase. iii) a treatment step including 

consolidation, template removal and crystallisation under different atmospheric conditions 

to obtain complex metallic or metal oxide nano-crystalline films.132-135 Advantages of soft 

templating method include low fabrication cost and mild synthetic conditions. Because 

the polymerisation of the transition metal precursors and the hydrolysis during the sol-gel 

process are difficult to control, the disadvantage lies in the low crystallinity of the final 

products.136-139  

The hard-template method is advantageous for synthesising rigid mesostructures with 

high surface area via a nanocasting, exotemplating or repeated templating process. For 

example, anodic alumina membranes (AAO) were initially utilised as a mold for the 

synthesis of porous carbons and metals through electrodeposition,140 chemical vapour 
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deposition141-143 and atomic layer deposition.144 The resultant pore sizes typically range 

from 15 nm up to approximately 150 nm. On the basis of this methodology, a variety of 

3D mesoporous carbon (e.g. CMK-1),145 mesoporous Pt networks146 and metal oxides (e.g. 

Co3O4)147 were prepared by duplicating silica template with various pore architectures 

(e.g. MCM-48, SBA-15 and KIT-6). Figure 12 presents a schematic diagram, in which 

KIT-6 is used as an example to demonstrate a hard-templating process. Similarly, the 

nanocasting method can be summarised into three s steps: i) filtration of silica 

mesochannels with target precursor solution; ii) consolidation of precursor inside the 

pores by reduction or decomposition, and iii) removal of mesoporous silica template by 

washing the resulted precursor/silica mixtures with NaOH or HF solution.  

Figure 12 a schematic diagram of hard templating synthesis using KIT-6. Adapted with 

permission from Ref. 148, Copyright 2012, Royal Society of Chemistry.  

    According to the synthetic process, it can be further classified into two-solvent 

method,148,149 solvent-free solid-liquid method,150 impregnation-precipitation-calcination 

method151,152 and solvent evaporation method.153 In comparison to the soft-template 

method, the hard-template method has some unique advantages. Firstly, the structures of 
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the target metal oxides are controllable by replicating different silica templates with well-

designed porous structures. Secondly, the silica templates are able to resist high 

temperature during calcination. Therefore, highly crystallised metal oxide materials can 

be obtained. Thirdly, the facile synthetic process makes it suitable for the synthesis of 

multi-metallic materials. Moreover, the obtained highly crystallised mesoporous metal 

oxides can be further reduced to low-valence metal materials, which significantly enrich 

the catalytic activity of the materials and their applications.  

1.5.2 Hydrothermal and Solvothermal Technologies 

Hydrothermal and solvothermal methods are easy and template-less solution-based 

techniques for fabricating highly crystalline nanowires, nanoparticles and other 

nanostructures.154-160 Both methods usually take place in a closed system, such as a 

Teflon-lined stainless steel autoclave. The hydrothermal processes involve completed 

heterogeneous reactions from high-temperature aqueous solution at high vapor pressures. 

It often used as a method of synthesis of single crystals, depending on the solubility of the 

products in aqueous media under high temperature and pressure. The solvothermal 

technique is similar to hydrothermal synthesis, except that it uses non-aqueous solvent. By 

altering the solvent type, precursor type and surfactant type, solvothermal processes allow 

for precise control over the size, shape distribution and crystallinity of metal oxide 

materials.   

1.5.3 Electrodeposition Method 

Electrodeposition is a practical method for fabricating nanostructured materials. 161-170 

Especially with assistance of structure-directing agents (e.g. P123 and F127), thin films, 

multi-layered nanoparticles or nanocrystals, as well as nanowires and nanorods modified 

with nanopores can be achieved.171-175 Typically, electrodeposition is carried out in a two- 

or three electrode electrochemical system by controlling either the electrode potential or 



22 

current density. In the electrochemical system, the electrolyte serves as both the source of 

the precursor and the conducting medium. The applied voltage/current can be varied to 

control the structure of the electrodeposited material, meanwhile ordered mesopores can 

be created after removal the structure-directing agents. The most commonly used 

electrodeposition techniques include chronoamperometry, cyclic voltammetry, potential 

step approach, potential pulse approach, chronopotentiometry, and current pulse 

deposition.  

On account of its intrinsic advantages, electrochemical synthesis shows superiority in 

producing individual components and integrated system for electrocatalysis.176-180 First, it 

is a solution-based approach and compatible with ambient conditions, which makes it 

cost-effective and practical for industrial application. Second, as a traditional technique, 

various of materials including almost all semiconductors (e.g. metals, alloys, oxides and 

chalcogenides) can be produced through electrodeposition methods. Third, the solution-

based nature of electrodeposition allows for easy manipulation of a variety of synthetic 

variables including current, potential, pH, additives, solvent types as well as temperatures 

to control the nucleation, crystal growth of desired materials. In addition, the thickness of 

the deposited materials can be monitored by controlling the charge transfer and/or 

deposition time. More importantly, binder-free electrodes can be obtained as the materials 

are grown directly on the substrate (working electrode) during the electrochemical 

synthesis.  

1.6 Aims of this Project 

The aim of this project is to develop hierarchical and mesoporous materials based on earth-

abundant transition metals via a variety of technologies including templating, hydrothermal 

approaches, electrodeposition and solution-based methods. The project seeks to exploit the 

high surface area of the materials, synergistic effects and morphology control to produce 
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catalysts with excellent performance in chemical reactions that are relevant for energy 

conversion and storage. Specifically, this thesis is divided into 6 chapters, as follows: 

• Chapter 1: General introduction

• Chapter 2: This chapter focuses on the fabrication of a core–shell structured bifunctional

electrocatalyst composed of a metallic Ni3Fe alloy nanosheet-framework and a thin layer of 

Ni3Fe(OH)9 shell. The vertically-aligned Ni3Fe alloy nanosheet provides large electroactive 

surface area and accelerates the electron transport, and the Ni3Fe(OH)9 nanoshell allows easy 

access for reagents and electrons and high catalytic activity. The electrochemical 

performance and catalytic activity for oxygen evolution and hydrogen evolution reactions in 

alkaline media were investigated (This work was published in ACS Applied Energy 

Materials).  

• Chapter 3: In this chapter, a three-dimensional MnO2/MnCo2O4/Ni core–shell heterostructured

electrode was fabricated through a facile hydrothermal method followed by electrodeposition. This 

electrode architecture consists of four levels of interconnected nanostructure: a primary 

macroporous Ni foam scaffold (≥500 μm), an intermediate MnCo2O4 core-nanoflake array (50–

100 nm), topmost 2D MnO2 nanosheets (∼10 nm) and short-range ordered mesopores (∼5 nm) on 

the MnO2 nanosheets. This freestanding MnO2/MnCo2O4/Ni exhibits excellent selectivity for the 

urea oxidation reaction and comparable hydrogen evolution reaction performance to Pt/C in 

alkaline solution. This noble-metal-free quadruple hierarchical electrode shows potential as a new 

strategy for energy-related applications. (This work was published in Journal of Materials 

Chemistry A) 

• Chapter 4: In this chapter, Au-nanoparticle-modified (BiO)2CO3 nanodisks have been

fabricated through a facile hydrothermal method followed by chemical bath deposition. The 

photocatalytic activity of Au/(BiO)2CO3 in the nitrogen reduction reaction for artificial 

photosynthesis of ammonia in a pure water system was examined at atmospheric pressure and 
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room temperature. The introduction of Au nanoparticles can significantly enhance the light 

trapping and charge separation, leading to an Au/(BiO)2CO3 hybrid catalyst which exhibited 

outstanding performance for ammonia production. However, further improvement in catalytic 

stability is required. (This work was published in ACS Sustainable Chemistry and 

Engineering) 

• Chapter 5: In this chapter, a highly ordered mesoporous structure with crystalline 

framework has been studied for electrochemical energy storage. MnCo2O4 with hierarchical 

porosity and high surface area of 133 m2/g was synthesized through a facile nanocasting 

method and applied in a hybrid supercapacitor. This study demonstrated that ordered ternary 

mesoporous materials with controllable porosity have great potential for high-energy-density 

electrochemical energy storage. (This work was published in Journal of Physical Chemistry C) 

• Chapter 6: This chapter is an extension work to chapter 5. A binder-free, core-shell 

structured MnCo2O4 was synthesised through a facile hydrothermal and electrodeposition 

method. The obtained dual-MnCo2O4/Ni electrode possesses multiple hierarchy, and, when 

used in a hybrid capacitor, achieved an excellent capacity of 283 mAh g-1 and long-term 

performance stability over 2000 cycles (This work was published in Electrochimica Acta). 

• Chapter 7: General conclusion for chapters 2-6 and future research proposal. 
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Chapter 2 

In Situ Synthesis of Core–Shell-Ni3Fe(OH)9/Ni3Fe Hybrid Nanostructures 

as Highly Active and Stable Bifunctional Catalysts for Water Electrolysis 

2.1 Overview 

This chapter is a paper titled “In Situ Synthesis of Core–Shell-Ni3Fe(OH)9/Ni3Fe Hybrid 

Nanostructures as Highly Active and Stable Bifunctional Catalysts for Water Electrolysis” 

which was published in ACS Applied Energy Materials in 2018.  

This diagram illustrates a robust core-shell structured Ni3Fe(OH)9 LDH/Ni3Fe alloy 

bifunctional electrocatalyst for overall water splitting in alkaline media.  

    Developing cost-effective, earth-abundant and high-performance bifunctional 

electrocatalysts for water splitting is the key technological requirement for the hydrogen 

economy.1-3 In this work, we designed a facile approach for the fabrication of core-shell 

structured Ni3Fe(OH)9/Ni3Fe bifunctional electrocatalyst constructed from an electroreductive 

deposited Ni3Fe alloy nanosheets and an in-situ transformed Ni3Fe(OH)9 layered double 
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hydroxide (LDH). This Ni3Fe(OH)9/Ni3Fe hybrid exhibits excellent performance for OER in 

alkaline electrolytes, in terms of small onset potential (1.46 V vs. RHE), high current densities, 

low Tafel slope (28 mV/dec) and excellent durability. A low onset potential and high mass 

anodic peak current density, over 1000 mA cm-2 mg-1 at 1.57 V vs. RHE, have been achieved 

for water oxidation on this hybrid electrocatalyst. More importantly, the Ni3Fe(OH)9/Ni3Fe 

hybrid electrode possesses bifunctional catalytic activity for both water oxidation and hydrogen 

generation. The Ni3Fe(OH)9/Ni3Fe hybrid exhibits excellent HER performance (comparable to 

or even surpassing the performance of the state-of-the-art non-precious catalysts) in the same 

alkaline condition.  

Consequently, this freestanding metallic Ni3Fe nanosheet-framework based NiFe LDH 

hybrid electrocatalyst can lead to several significant innovations in a water electrolysis system: 

i) Significantly enhanced sites with greater activity and fast electron transfer ability. ii)

Excellent mechanical stability under vigorous gas evolution conditions and electrode integrity. 
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ABSTRACT: Development of cost-effective, high-perform-
ance electrocatalysts for water splitting is the key technological
requirement for the hydrogen economy. Here, we report an in
situ transformation approach for the preparation of a core−
shell structured bifunctional electrocatalyst composed of a
metallic Ni3Fe nanosheet-framework and a thin layer of
Ni3Fe(OH)9 shell on various substrates. The Ni3Fe alloy
nanostructured framework provides large electroactive surface
area and accelerates the charge transport, while the Ni3Fe-
(OH)9 nanoshell allows an excellent electrochemical accessi-
bility and high catalytic activity. When acting as an anode for
the oxygen evolution reaction (OER), the hybrid catalyst is
characterized by a low onset potential (ηonset = 230 mV), small
Tafel slope (28 mV/dec), and stable catalytic activity (over 24 h). More importantly, the hybrid can act as an excellent
bifunctional catalyst and deliver a current density of 10 mA cm−2 at a cell voltage of 1.63 V with long stability in a symmetric
alkaline electrolyzer for overall water electrolysis.

KEYWORDS: water electrolysis, core−shell structure, NiFe layered double hydroxide, bifunctional electrocatalyst, in situ synthesis

Water splitting represents an environmentally friendly and
sustainable solution for large-scale storage of energy

from renewable but intermittent sources such as sun and
wind.1−4 The water-splitting process is composed of the oxygen
evolution reaction (OER) and the hydrogen evolution reaction
(HER), both involving a multistep proton-coupled electron
transfer process.5,6 In pursuit of a highly efficient water-splitting
system, electrode materials with outstanding catalytic perform-
ance are highly desirable for both the anodic OER and cathodic
HER. So far, IrO2/RuO2 based materials and Pt group metals
are the state-of-the-art electrocatalysts for OER and HER,
respectively.7−9 However, the low abundance and high prices of
these precious metals restrict their large-scale application. Earth
abundant transition metal based catalysts, including metallic
and oxide/hydroxide materials, have been considered as
potential candidates to replace expensive metals in water-
splitting technology. Particularly, iron group metal (Fe, Co, and
Ni) based catalysts have been regarded as plausible alternatives
to the precious-metal based materials, owing to their superior
activity toward both OER and HER.10−15 Among these, NiFe
(oxy)hydroxide based alkaline electrocatalysts exhibit extra-
ordinary activity for OER and comparable catalytic behavior for
HER, although the actual active center (Ni or Fe) has not been
fully explained yet.16−19 It has been confirmed that the use of
high-surface-area conductive supports and dispersion of active

sites can significantly enhance the electrochemical address-
ability and accessibility, thus improving the catalytic activ-
ity.20−27 So far, a variety of techniques and catalyst supports
have been found to show superior catalytic activity. Examples
include solvothermally prepared NiFe layered double hydroxide
on carbon nanotubes,28 Ni3Fe(OH)9 electrodeposited on
nickel foam,29 Ni−Fe nanosheets on reduced graphene
oxide,30 and small NiFe double hydroxide nanoparticles on
Vulcan carbon.31 In consideration of the good intrinsic
conductivity of zerovalent metals, one approach to electrode
fabrication is to hybridize an oxide/hydroxide with a metallic
phase. It has been demonstrated that the presence of metal in
metal oxide materials can dramatically enhance the electro-
catalytic activity as well as the stability.12,19,33 Nonetheless,
there is no facile method to achieve a robust electrocatalyst,
which retains its conductivity and delicate nanostructure. The
exploration of metallic Fe- and/or Ni-incorporated NiFe(oxy)-
hydroxide hybrid materials is a promising strategy.
In this study, we report a core−shell structured Ni3Fe-

(OH)9/Ni3Fe hybrid material with electroactive NiFe layered
double hydroxides (LDHs) on the outer surface and a
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conductive Ni3Fe nanosheet alloy as the conductive skeleton.
The fabrication process is shown in Figure 1A−C, and the
details of the procedure are shown in Supporting Information.
The doping with 25% Fe is well-known to induce a series of
synergistic effects between Fe and Ni.28,33 Simultaneously, the
coexistence of metallic Ni and Fe can dramatically improve the
electrical conductivity and fast charge transfer between the
hydroxide layers. Moreover, the shell-Ni3Fe(OH)9 film and
core-Ni3Fe alloy are strongly coupled with each other and
tightly attached onto the substrate. As a result, the obtained
Ni3Fe/Ni3Fe(OH)9 hybrids exhibit outstanding OER charge
delivery capability, low onset potential, and long-term catalytic
stability, outperforming many recently reported NiFe LDHs as
well as the benchmark IrO2/RuO2 catalysts. In addition, the
obtained Ni3Fe(OH)9/Ni3Fe hybrid is also an excellent
cathodic catalyst and shows HER activity comparable to that
of the benchmark Pt/C in alkaline media.
The SEM images in Figure S1 reveal that the deposited NiFe

alloy consists of relatively uniform crumpled nanosheets with
longitudinal orientation and larger functionalized electrode
surface area, while single Fe or Ni crystals are usually cracked
chunks or irregular particles (Figure S2).17,34 After anodic
oxidation in alkaline media, the entire NiFe alloy material
appears covered with a thin layer of NiFe double hydroxide
without altering the original NiFe alloy nanosheet-framework
(Figure 1E). Furthermore, TEM images (Figure 1D) illustrate

that an individual nanosheet is very thin and/or transparent
with a lateral size around 300 nm. All of the obtained
microscopic information indicates that each nanosheet is grown
in situ on the support as an intact unit and the adjacent
nanosheets are interconnected forming the entire porous NiFe
alloy with high surface area. The energy-dispersive X-ray
(EDX) spectrum was employed to investigate the elemental
distribution of the deposition obtained NiFe alloy. To minimize
the background signal from nickel foam, carbon fiber paper
(CFP) was used as a substitute substrate. According to the
EDX spectrum in Figure S3, both Ni and Fe are
homogeneously distributed and cover the entire carbon fiber.
Meanwhile, an atomic ratio between Ni and Fe of
approximately 3:1 was further quantified by a multipoint
EDX spectrum (Figure S4).
The phase and chemical composition were verified by X-ray

diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). In Figure 1G, two distinct diffraction peaks can be
observed from the as-deposited Ni3Fe alloy nanosheets, which
are assigned to the (111) and (200) facets of the Ni3Fe alloy,
confirming its face-centered cubic (space group Pm3̅m)
structure. Furthermore, the survey XPS spectrum (Figure S5)
also shows the presence of Ni and Fe on the surface of the
obtained NiFe alloy nanosheets. Significantly, an atomic Ni/Fe
ratio of 3:1 was also identified by the XPS analysis, which is
consistent with the XRD and EDX measurements. Figure 1H,I

Figure 1. (A−C) Schematic illustration of the fabrication of the core−shell structured Ni3Fe(OH)9/Ni3Fe hybrid, (D) TEM, (E) SEM, (F) HRTEM
images of Ni3FeNi3Fe(OH)9/Ni3Fe hybrid, and (G) X-ray diffraction patterns of Ni3Fe alloy (green) and Ni3Fe(OH)9/Ni3Fe hybrid (red). XPS
spectra of Ni3Fe(OH)9/Ni3Fe hybrid: (H) high-resolution Fe 2p, (I) high-resolution Ni 2p, and (J) O 1s spectra.

ACS Applied Energy Materials Letter

DOI: 10.1021/acsaem.8b00172
ACS Appl. Energy Mater. 2018, 1, 986−99239

http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00172/suppl_file/ae8b00172_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00172/suppl_file/ae8b00172_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00172/suppl_file/ae8b00172_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00172/suppl_file/ae8b00172_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00172/suppl_file/ae8b00172_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b00172/suppl_file/ae8b00172_si_001.pdf
http://dx.doi.org/10.1021/acsaem.8b00172


displays the high-resolution Fe 2p and Ni 2p XPS spectra,
which were further deconvoluted into four subpeaks by a
Gaussian fitting method. In the Fe 2p XPS spectrum, the
binding energy peaks located at 706.5 and 719.6 eV can be
indexed to zerovalent Fe (Fe0). Similarly, the binding energy
peaks which appeared at 852.5 and 869.5 eV in the Ni 2p XPS
spectrum are ascribed to zerovalent Ni (Ni0). The XPS results
further confirm the metallic chemical nature of the electro-
reductive deposited Ni3Fe alloy nanosheets. The energy peaks
corresponding to higher valences of Ni and Fe (oxides and/or
hydroxides) can also be detected, which may be caused by
exposure to air during the synthesis and characterization
processes causing surface oxidation.
After anodic oxidation in alkaline media, the original Ni3Fe

alloy nanosheets show decreased peak intensity along with the
appearance of a new diffraction peak at a lower angle on the
XRD pattern, in good agreement with the (012) crystal-plane
of NiFe LDH.33 This suggests the transformation of the top
layer of the Ni3Fe alloy to Ni3Fe(OH)9, forming a core−shell
structured Ni3Fe/Ni3Fe(OH)9 hybrid. Noticeably, a slight
negative shift of 2θ angles can also be observed for the original
Ni3Fe alloy, indicating a change in the d-spacing of the plane
when the topmost Ni3Fe alloy has been converted to
Ni3Fe(OH)9 film.9 This also implies that the formed Ni3Fe-
(OH)9 shell is tightly attached to the Ni3Fe alloy nanosheets,

while inducing a certain strain into the crystal structure of the
Ni3Fe alloy nanosheets. From the HRTEM image (Figure 1F)
of the region indicated in Figure 1D, lattice fringes with
interplanar spacing of 0.25 nm can be observed, which
correspond well to the (012) plane of NiFe LDH. A set of
cricoid diffraction rings can also be detected in the SAED,
corresponding well to the observed lattice fringes (inset of
Figure 1F). Moreover, XPS analysis was further performed to
probe the changes in chemical valence states of the Ni3Fe-
(OH)9/Ni3Fe hybrid. In Figure S6A,B, both Fe0 and Ni0 can
still be detected, while the relative binding peaks show a
significant decrease in peak intensity, revealing the coverage of
a thin layer of shell structured Ni3Fe(OH)9. The deconvoluted
O 1s spectrum in Figure 1J demonstrates the presence of two
kinds of oxygen groups. The peak fitted at 529.4 eV represents
the oxygen−metal bonds (O A), while the peak located at
531.2 eV is assigned to the hydroxyl groups (O B).35−32 After
the anodic oxidation treatment, O B becomes the predominant
oxygen species, while the intensity of O A is dramatically
lowered, revealing that the outermost surface of the Ni3Fe alloy
has been locally oxidized. (Figure 1J vs Figure S6C).
The electrocatalytic OER performance of the Ni3Fe(OH)9/

Ni3Fe hybrid was first investigated on a glassy-carbon (GC)
electrode in alkaline solution (1 M) in a standard three-
electrode system. The OER polarization curves were measured

Figure 2. (A) OER polarization curves; (B) corresponding Tafel plots of Ni3Fe(OH)9/Ni3Fe/GC, Ni3Fe(OH)9/GC, Ni/GC, and Fe/GC; (C)
RRDE voltammogram obtained from Ni3Fe(OH)9/Ni3Fe hybrid; (D) comparison of overpotential required at 10 mA cm−2 and Tafel slope of
Ni3Fe(OH)9/Ni3Fe with reported high-performance OER electrocatalysts; (E) OER polarization curves with different iR-correction levels; and (F)
chronopotentiometric curves at 10 and 50 mA cm−2 of Ni3Fe(OH)9/Ni3Fe/nickel foam.
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at a scan rate of 5 mV/s, and the data were recorded without
iR-correction. To demonstrate the advantages of the thin core−
shell structure, recently reported state-of-the-art Ni3Fe(OH)9
nanosheets29 were also synthesized and investigated for
comparison. The OER polarization curves obtained from the
Ni3Fe(OH)9/Ni3Fe hybrid, the Ni3Fe(OH)9, and the GC
electrodes electrodeposited with Ni (Ni/GC) or Fe (Fe/GC)
individually are presented in Figure 2A. The Ni3Fe(OH)9/
Ni3Fe hybrid exhibits remarkable OER activity with an early
onset potential of 1.46 V versus RHE, corresponding to an
overpotential (ηonset) of 230 mV, which is determined by the
concomitantly augmented oxygen reduction current obtained
from a rotating ring disc electrode (RRDE, Figure 2C).
However, both pristine Ni/GC (ηonset = 290 mV) and Fe/GC
(ηonset = 420 mV) show inferior OER behavior, revealing the
outstanding OER catalytic activity of the outer-shell-Ni3Fe-
(OH)9 film owing to the interaction effect between Ni and Fe
in the LDH structure. In comparison, the OER oneset of the
Ni3Fe(OH)9/Ni3Fe hybrid is even 50 mV smaller than that of
the state-of-the-art Ni3Fe(OH)9

29 (η = 280 mV), suggesting its
rapid OER response and electrode kinetics. The Ni3Fe(OH)9/
Ni3Fe hybrid also exhibits outstanding charge transfer ability,
with a current density of 10 mA cm−2 obtained at an
overpotential (η10) = 280 mV. This high OER catalytic rate
also surpasses those of directly deposited Ni3Fe(OH)9 (η10 =
330 mV) and benchmark catalysts including 20% Ir/C (η10 =
380 mV) and Ru/C (η10 = 390 mV) measured under the same
experimental conditions.19

The high OER rate and fast reaction kinetics of the
Ni3Fe(OH)9/Ni3Fe hybrid can be attributed to its unique
thin core/shell structure. The outermost Ni3Fe(OH)9 shell is
fabricated by in situ transformation of the as-deposited Ni3Fe
alloy via the anodic polarization process in an alkaline
environment. In this case, the formed shell-Ni3Fe(OH)9 is
strongly associated with the core-Ni3Fe alloy nanosheet support
and maintains excellent mechanical stability under vigorous gas
evolution conditions and electrode integrity for long-term
catalytic activity. Moreover, the shell-Ni3Fe(OH)9 allows for a
large number of active sites to be electrochemically accessible
and has a prominent affinity for OH− electrosorption to the
exposed OER active sites, which is recognized as the rate-
limiting step.28 This can be confirmed by its higher specific
current density normalized by catalyst loading (500 mA cm−2

g−1 at 1.54 V, Figure S7) compared to those of NiFe CNT
(1.55 V)19 and Ni0.9Fe0.1/NC (1.57 V),28 indicating that the
excellent OER performance resulted from increased active sites
rather than increased catalyst loading. Meanwhile, the interior
metallic core-Ni3Fe remains highly conductive, allowing fast
charge transport to the outermost OER active sites. The Tafel
plots derived from OER polarization curves were further
constructed to analyze the reaction kinetics (Figure 2B). The
Ni3Fe(OH)9/Ni3Fe hybrid exhibits an extremely small Tafel
slope of 28 mV/dec, smaller than those of Fe/GC (51 mV/
dec), Ni/GC (53 mV/dec), Ni3Fe(OH)9 (50 mV/dec),
benchmark Ir/C (50 mV/dec), and even the state-of-the-art
NiFe CNTs on a GC electrode (31 mV/dec).28 The three-
dimensional Ni3Fe(OH)9/Ni3Fe hybrid structure is composed
of metallic core and extremely thin NiFe LDH and provides a
higher number of three-phase boundary reactive sites and
facilitates very efficient mass and electron transport. As a result,
its advanced OER catalysis process surpasses a majority of the
reported high-performance electrocatalysts (Figure 2D and
Table S1).19,25,27−29,37−41

The fast electron transfer ability and fast reaction kinetics
were further verified with the electrochemical impedance
spectra (EIS) measurement (Figure S8). The Nyquist plot
(Figure S8A) reveals that the Ni3Fe(OH)9/Ni3Fe hybrid
possessed a smaller electron transfer resistance than that of
Ni3Fe(OH)9 during the electrochemical reaction. In the
magnified plots in Figure S8B, the intersection at the Z′-axis
stands for the equivalent series resistance (ESR). Benefiting
from the highly conductive core-Ni3Fe alloy nanosheets, the
ESR of the Ni3Fe(OH)9/Ni3Fe hybrid (∼2.0 Ω) is smaller than
that of the Ni3Fe(OH)9 (5.3 Ω), further illustrating its excellent
charge transfer capability. Furthermore, the Faradaic efficiency
was calculated to be 98.3 ± 1.1% using the RRDE by
comparing the oxygen detected on the Pt ring with the
theoretical value based on the total charge consumed on the
GC disc, confirming that oxygen is the only anodic product
during the water electrolysis process (Figure S9).
In consideration of substantial effects of the catalyst support

(conductivity, porosity) on performance, the Ni3Fe(OH)9/
Ni3Fe hybrid was also deposited on nickel foam, which is well-
known as an electron collector. To avoid current overflow and
curve distortion, iR-compensation was gradually added, and
35% iR-correction is an optimal compensation level to achieve
the best curve shape. As shown in Figure 2E, all OER
polarization curves at different levels of iR-compensation (0 to
35%) display the same onset potential (around 1.46 V), which
is consistent with the above results. With addition of a 35% iR-
compensation, Ni3Fe(OH)9/Ni3Fe/nickel foam exhibits fast
reaction kinetics with currents density of 10 mA cm−2 or 10 A
g−1 being achieved with only ηa10 = 228 mV and ηam10 = 210
mV, respectively, surpassing the characteristics of state-of-the-
art NiFe/CNTs (ηa10 = 228 mV, ηam10 = 247 mV, 95% iR-
compensation).28 Moreover, the Ni3Fe(OH)9/Ni3Fe hybrid
also shows an outstandingly high OER rate with 500 mA cm−2

(793 A g−1) at ηa500 = 308 mV, surpassing that of the previous
reported NiFe/NiCo2O4/nickel foam (ηa500 = 320 mV, 65% iR-
compensation).10 The calculated TOF associated with Ni3Fe-
(OH)9/Ni3Fe/nickel foam is 0.083 s−1, which is more than 3-
fold higher than that of the benchmark IrO2 (0.027 s−1).
Collectively, the fast reaction kinetics and excellent charge
delivery ability makes the Ni3Fe(OH)9/Ni3Fe/nickel foam
electrode suitable for industrial application. Furthermore, long-
term catalytic stability was investigated at constant current
densities of 10 and 50 mA cm−2, and the potential can be
maintained at η = 240 mV and η = 310 mV for at least 24 h
(Figure 2F).
The development of bifunctional electrode materials

possessing catalytic activity for both OER and HER can
simplify the manufacturing processes in assembling electrolysis
devices, which is critical for economical application. The
cathodic HER usually suffers from more sluggish kinetics in
alkaline media than under acidic conditions. Importantly, the
obtained Ni3Fe composite electrode also exhibits a high
catalytic activity for HER in the same basic electrolyte. As
shown in Figure 3A, pristine Ni/GC shows an earlier HER
onset (ηonset = 150 mV), but a larger Tafel slope (172 mV/dec),
than those of Fe/GC (ηonset = 310 mV, 96 mV/dec). With 25%
Fe incorporation, the as-deposited Ni3Fe composites exhibit
both smaller onset potential (ηonset = 120 mV) and Tafel slope
(83 mV/dec, Figure 3B) by taking advantage of the synergistic
effect between Ni and Fe. Moreover, an overpotential of only
217 mV (η10 = 217 mV) is required to reach a current density
of 10 mA cm−2, signifying the favorable kinetics for the HER on
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the as-deposited Ni3Fe composites. These excellent HER
performances of Ni3Fe composites in basic electrolyte are
better than those of previous reported Ni0.9Fe0.1/NC,

19 MnNi/
C,42 MoB,43 and CoOx@CN,26 comparable to that of the
benchmark Pt/C catalysts (more details are in Table S2). The
Ni3Fe/nickel foam was further used to evaluate the catalytic
activity and mechanical stability under high current densities
and vigorous gas evolution for practical application (Figure
3C). It is noteworthy that a high HER current density of 200
mA cm−2 can be achieved at η200 = 355 mV with 35% iR-
compensation. Long-term HER stability was assessed by
chronopotentiometric test under constant current densities of
50 mA cm−2 for over 12 h of bulk electrolysis (Figure S10),
suggesting robustness in the cathodic HER process.
Owing to the outstanding dual functionality, a symmetric

alkaline electrolyzer was constructed employing the Ni3Fe-
(OH)9/Ni3Fe hybrid and Ni3Fe composites as anode and
cathode, respectively. Figure 3D shows that this electrolyzer
only requires a small cell voltage of ∼1.5 V to initiate the water
electrolysis and a cell voltage of 1.63 V, corresponding to a
combined overpotential of 400 mV, to reach an overall current
density of 10 mA cm−2, which surpasses a majority of reported
high-performance bifunctional electrocatalysts (Figure 3E,
Table S3).10,19,26,33,44−48 The calculated electrical-to-fuel
efficiency is 75%. This superior performance can rival those
of the majority of reported asymmetric and symmetric
bifunctional water-splitting electrocatalysts. In addition, the
electrolysis current density can remain at 50 mA cm−2 at

around 1.8 V during a 12 h vigorous water-splitting test (Figure
3F), and no apparent morphology change can be observed
(Figure S11), indicating its outstanding long-term catalytic and
mechanical stability.
In conclusion, free-standing Ni3Fe alloy nanosheets have

been fabricated through a facile electroreductive deposition
method, and then, the outermost layer has been in situ
transformed to Ni3Fe(OH)9 through anodic oxidation in
alkaline media, forming a core−shell structured Ni3Fe(OH)9/
Ni3Fe hybrid. The core-Ni3Fe alloy nanosheets are inter-
connected and highly conductive, facilitating fast electron
transfer to the outer electrode surface. The thin layer of
Ni3Fe(OH)9-shell offers significant enhancement in accessible
active sites and fast electrosorption for overall water splitting.
Benefiting from the existing synergistic effects between Ni and
Fe, the fabricated core−shell structured Ni3Fe(OH)9/Ni3Fe
hybrid shows excellent catalytic activity and stability toward
OER and HER. Finally, an alkaline symmetric electrolyzer has
been constructed with this bifunctional electrocatalyst and
exhibits efficient whole cell water splitting and long-term
stability. These hybrid electrode materials represent a
significant step toward the practical application of water
splitting.
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Experimental Section 

Preparation of Ni3Fe/Ni3Fe(OH)9 hybrid electrocatalysts: 

Ni3Fe alloy nanosheets were fabricated onto various substrates including glassy carbon 

(GC) electrode, nickel foam and carbon fiber paper (CFP) via an electroreductive deposition 

method. Prior to the electrodeposition, the GC electrode was polished with an aqueous 

alumina slurry (0.05 m) on a micro cloth polishing pad, rinsed sequentially with deionized 

H2O and acetone, then dried with low-lint tissue. Nickel foam (thickness 1.6 mm, bulk 

density 0.45 g/cm
3
) was sonicated sequentially in 0.6 M HCl, deionized H2O and absolute

ethanol for 20 min each to remove the surface NiOx layer, then dried under a pure N2 flow at 

room temperature. CFP was calcined in air at 700 
o
C for 5 min to generate oxygen-containing

functional groups to give a hydrophilic surface.  The electroreductive deposition was carried 

out in a standard three-electrode electrochemical cell containing either pre-treated GC, nickel 

foam or CFP as the working electrode, a Ag/AgCl (saturated) reference electrode and a Pt 

wire auxiliary electrode. The electrolyte bath contained equal amounts (5 mM) of FeSO4 and 

NiSO4 in 0.1 M CH3COONa aqueous solution. The pH of the deposition solution was 

adjusted to 5 with acetic acid. The electroreductive deposition was performed at –1.2 V vs. 

Ag/AgCl (saturated) with 80% iR compensation for 30 min. After the constant potential 

deposition, the substrate was withdrawn from the electrolyte, thoroughly rinsed with 

deionized H2O and left to dry in air. After electroreductive deposition, an evenly distributed 

film with metallic luster can be observed, implying the metallic properties of the obtained 

Ni3Fe composites. Afterwards, a thin Ni3Fe(OH)9 film was obtained by local transformation 
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of the outermost layer of the Ni3Fe alloy nanosheet through cycling the potential between 0 V 

and 0.6 V vs. Ag/AgCl in 1 M KOH.  

Materials characterization: 

The morphology, composition and structure of the as-prepared Ni3Fe/Ni3Fe(OH)9 hybrid 

was investigated on a JEOL 7001 scanning electron microscope (SEM) at 5 kV and a FEI 

Tecnai G2 T20 transmission electron microscope (TEM) at 200 kV. For TEM observation, 

the Ni3Fe/Ni3Fe(OH)9 hybrid was dispersed in ethanol by sonication and then dropped cast 

onto a holey carbon copper grid. X-ray diffraction patterns (XRD) were obtained on a Bruker 

D8 ADVANCE ECO powder X-ray instrument using Cu K radiation ( = 0.15418 nm) in a 

2 range from 30
o 
to 70

o 
with a scanning

 
step size of 0.01

o
. X-ray photoelectron spectroscopy

(XPS) was carried out on a Thermal ESCALA 250i X-ray Photoelectron Spectrometer. All 

binding energies were calibrated to the C 1s peak (284.6 eV). 

Electrochemical characterization: 

The electrochemical measurements were conducted on an EC-Lab electrochemical 

workstation with a standard three-electrode electrochemical cell, employing fabricated 

Ni3Fe/Ni3Fe(OH)9 hybrid electrode as a working electrode, a Ag/AgCl (saturated) reference 

electrode, and a Pt wire counter electrode. Unless otherwise noted, the potentials in this study 

are relative to the reversible hydrogen electrode (RHE, converted using the equation ERHE = 

EAg/AgCl + 0.197 + 0.059 × pH, where ERHE is the potential vs. RHE and EAg/AgCl is the 

recorded potential vs. a saturated Ag/AgCl reference electrode). Polarization measurements 

were measured by linear sweep voltammetry at a scan rate of 5 mV s
-1

. Electrochemical

impedance spectra (EIS) were obtained in a frequency range from 100 kHz to 0.01 kHz at the 

open circuit potential. The resistance of the electrolyte was measured to be 5.3  using the 

potentiostat. To minimize the competitive reduction reaction result from hydroxides and/or 

oxides of Ni and Fe on the surface, a fresh Ni3Fe composite electrode was directly used for 
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the HER measurement and compared with pristine Fe and Ni nanosheet electrodes.   The 

overall water electrolysis test was carried out in a two-electrode system using the obtained 

Ni3Fe(OH)9/Ni3Fe hybrid and Ni3Fe composites as the anode and cathode, respectively. For 

comparison purpose, the HER performance of benchmark Pt/C was recorded at the same 

condition. For the electrode preparation, 1 mg Pt/C was dispersed in 50 µL water, 150 µL 

isopropanol and 10 µl Nafion solution (wt%) to form a homogeneous ink. 10 µL of the 

catalyst ink was drop-dried onto the glassy carbon electrode to achieve a catalyst loading of ~ 

0.68 mg cm
-2

. The OER performance of benchmark IrO2/C (20 wt% Ir on Vulcan carbon

black) are referred to the literature under the same condition (0.2 mg cm
-2

).
19 

A rotating Pt ring/GC disc electrode (RRDE purchased from ALS Co., Ltd) was used to 

monitor the onset potential and efficiency of the oxygen evolution reaction. The 

Ni3Fe(OH)9/Ni3Fe hybrid was electroreductively deposited onto the GC disc following the 

procedure identical to the method described in the experimental section. The potential of 

Ni3Fe(OH)9/Ni3Fe hybrid modified GC disc was swept from 1.2 V to 1.57 V vs. RHE, while 

the potential of the Pt ring was set at 0.45 V vs. RHE to monitor the electrode-generated 

oxygen. The Faradaic efficiency of the Ni3Fe(OH)9/Ni3Fe hybrid was validated using 

stabilized current densities originated from OER and ORR, respectively.  A Faradaic 

efficiency of 98.3 ± 1.1% was determined according to the equation (1): 

𝐸 = 𝑗𝑂𝑅𝑅 /𝑗𝑂E𝑅× 𝑁 × 100%     (1) 

Where jORR is the stabilized current density of ORR, N is the collection efficiency (28% 

according to the manufacturer), and jOER is the stabilized current density of OER.  

To elucidate the intrinsic OER catalytic activity, the turnover frequency (TOF) was also 

calculated at an overpotential of 300 mV, assuming all deposited Fe and Ni participates in the 

OER process.  The TOF of the catalyst is calculated according to equation (2):        

𝑇𝑂𝐹 = 𝐽 × 𝐴/ 4 × 𝐹 × 𝑚              (2) 
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Where J is the current density at an overpotential of 300 mV (A cm
-2

), A is the surface area

of the Ni3Fe(OH)9/Ni3Fe/nickel electrode (cm
2
), F is the Faraday constant (96485 C mol

-1
)

and m is the number of the moles of active materials. In this work, the amount of 

Ni3Fe(OH)9/Ni3Fe hybrid on nickel foam is (0.63  0.08 mg cm
-2

) based on the weight

increase after the eletroreductive deposition, as evaluated using a microbalance. The current 

density is obtained from Ni3Fe(OH)9/Ni3Fe/nickel foam with 35% iR compensation.  

The electrical-to-fuel efficiency of a full electrolyser set up having the catalyst as both 

anode and cathode was calculated following the equation (3): 

 electrolyzer = Ef, o/V e. i 

where Ef, o = 1.23 V; V e. i is the input voltage needed to initiate the water electrolysis at the 

operating current density of interest. In this study, the electrical-to-fuel efficiency (75%) is 

obtained at the current density of 10 mA cm
-2

.

Figure S1. SEM image of electroreductive deposited NiFe alloy nanosheet. 
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        Figure S2. SEM images of (A-B) deposited Fe and (C-D) deposited Ni films. 

 Figure S3. Elemental map of as-deposited Ni3Fe alloy.  

The obtained NiFe alloy on CFP exhibit alteration in morphology, which is attributed to 

different surface composition (metal vs. carbon) and morphology between nickel foam and 

CFP. 
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Figure S4. EDX spectrum of as-deposited Ni3Fe alloy. 

Figure S5. XPS spectrum of Ni3Fe(OH)9/Ni3Fe hybrid. 

Figure S6. XPS spectra of Ni3Fe(OH)9/Ni3Fe hybrid: (A) High-resolution Fe 2p, (B) High-

resolution Ni 2p and (C) O 1s. 
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Figure S7. OER mass catalytic activity of Ni3Fe(OH)9/Ni3Fe hybrid on GC electrode. 

Figure S8. (A) Electrochemical impedance spectra and (B) magnified high frequency region 

of Ni3Fe(OH)9/Ni3Fe hybrid (red) and Ni3Fe(OH)9 (black). 
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Figure S9. Chronoamperometric curves obtained at the rotating Pt ring GC disc electrode for 

quantification of oxygen. 

Figure S10. Chronopotentiometric curve at current density of 50 mA cm
-2

 for

Ni3Fe(OH)9/Ni3Fe/nickel foam. 



54 

Figure S11. SEM (A) and HRSEM (B) images of Ni3Fe(OH)9/Ni3Fe after 12h electrolysis 

test.  

Table S1. Comparison of Ni3Fe(OH)9/Ni3Fe hybrid with benchmark and recently reported 

non-precious OER electrocatalysts on glassy carbon electrode. 

Catalysts Mass loading 

mg/cm
-2

 
10 

(mV) 

Tafel slope 

(mV/dec) 

Reference 

Ni3Fe(OH)9/Ni3Fe ~0.63 280 28 This work 

Ni3Fe(OH)9 32 g 330 51 29 

Ni0.9Fe0.1/NC 2.0 330 45 19 

NiFe LDH/CNT ~0.25 250 31 28 

Ni/N/C 0.4 390 N/A 27 

nNiFe LDH/NGF 0.25 337 45 25 

NiCo oxide N/A 325 39 37 

MnCo 

oxyphosphide 

0.4 370 52 38 

Na1-xNiyFe1-yO2 N/A 260 43 39 

Fe1Co1-ONS 0.36 308 36.8 40 

FeOOH/Co/FeOOH N/A 250 32 41 
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Table S2. Comparison of Ni3Fe composites with benchmark and recently reported non-

precious HER electrocatalysts on glassy carbon electrode. 

Catalysts Mass loading 

mg/cm
-2

10 

(mV) 

Tafel slope 

(mV/dec) 

Reference 

Ni3Fe composites ~0.63 217 83 This work 

Ni0.9Fe0.1/NC 2.0 231 111 19 

MnNi/C 0.28 360 N/A 42 

MoB 2.5 225 59 43 

CoOx@CN 0.12 230 N/A 26 

Table S3. Comparison of Ni3Fe(OH)9/Ni3Fe hybrid with recently reported bifunctional 

electrocatalysts for two-electrode overall water electrolysis in alkaline media.  

Catalysts Catalyst 

support 

Mass loading 

mg/cm
-2

 

Overall voltage 

j=10mA cm
-2

 

Reference 

Ni3Fe(OH)9/Ni3Fe Ni foam 0.63 1.64 This work 

Cu@NiFe LDH Cu foam 2 1.54 32 

Ni0.9Fe0.1/NC Ni foam 2.0 1.58 19 

Co-P Cu foil Unknown 1.65 44 

NiFe/NiCo2O4 Ni foam Unknown 1.67 10 

CoOx@CN Ni foam 2.0 1.68 26 

NiFe LDH Ni foam Unknown 1.7 45 

Ni5P4 Ni foam 3.5 1.7 46 

Ni0.33Co0.67 Ti foil 0.3 1.72 47 

Ni3Fe/NiFeOx Ni foam N/A ~1.6 48 
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Chapter 3 

MnO2/MnCo2O4/Ni Heterostructure with Quadruple Hierarchy: A 

Bifunctional Electrode Architecture for Overall Urea Oxidation 

3.1 Overview 

This chapter is a paper titled “MnO2/MnCo2O4/Ni Heterostructure with Quadruple Hierarchy: 

A Bifunctional Electrode Architecture for Overall Urea Oxidation” that was published in 

Journal of Materials Chemistry A in 2017.  

    For hydrogen production, urea oxidation is a more efficient anodic reaction than oxygen 

evolution, because it has a lower theoretical oxidation potential (0.37 V vs. RHE for urea 

oxidation, compared to 1.23 V vs. RHE for oxygen evolution). In addition, urea electrolysis 

techniques are likely to be important developments for urea-containing wastewater treatment. 

Generally, the urea oxidation reaction involves a 6-electron transfer and complicated gas 

evolution (N2 and CO2) processes. However, the challenge for large-scale application of urea 

electrolysis is the lack of cost-effective and robust catalysts.1-3 

So far, the majority of reported catalyst materials are limited to single- or dual- hierarchical 

architectures, leading to restricted reaction surface area. Smart catalyst architecture can 

considerably enlarge the electroactive surface area and active sites. More significantly, it can 

also enhance mass transport to support long-term, vigorous catalytic reaction, thereby 

realizing industrial application.  

Hence, we fabricated a MnO2/MnCo2O4/Ni core-shell heterostructured electrode with 

quadruple hierarchy including a macroporous Ni foam scaffold (≥ 500 µm), an intermediate 

vertically-aligned MnCo2O4 core-nanoflake array (50-100 nm),  ultra-thin MnO2 nanosheets 

(~10 nm) and short-range ordered mesopores (~ 5 nm) on the MnO2 nanosheets. The 

obtained freestanding and hierarchical electrode shows excellent bifunctional catalytic 
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activity towards both urea oxidation and hydrogen evolution (The products of the oxidation 

reaction in this case have yet to be formally identified). Overall, this noble-metal-free 

quadruple hierarchy MnO2/MnCo2O4/Ni electrode is promising for the industrial application 

of urea electrolysis technology and also shows potential as a new platform for multiple 

applications. 

This diagram illustrates an efficient overall urea electrolysis catalysed by a well-designed 

quadruple hierarchical MnO2/MnCo2O4/Ni electrode for hydrogen production.  
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Ni heterostructure with
quadruple hierarchy: a bifunctional electrode
architecture for overall urea oxidation†

Changlong Xiao,a Shuni Li,b Xinyi Zhang*a and Douglas R. MacFarlane*a

A three-dimensional MnO2/MnCo2O4/Ni core–shell heterostructured electrode has been fabricated through

a facile method. This electrode architecture consists of four levels of interconnected hierarchy: a primary

macroporous Ni foam scaffold ($500 mm), an intermediate vertically-aligned MnCo2O4 core-nanoflake

array (50–100 nm), topmost ultra-thin MnO2 nanosheets (�10 nm) and short-range ordered mesopores

(�5 nm) on the MnO2 nanosheets. This freestanding, hierarchical porous electrode has advantages in

enhancing electroactive surface area, enabling efficient mass transport through the porous structure. The

heterostructured electrode exhibits a low onset potential (1.33 V vs. RHE), a high anodic peak current

density (1000 mA cm�2 g�1 at 1.7 V vs. RHE) and long-term catalytic stability for urea oxidation, which

surpasses previous reported electrode materials for urea electrolysis. Remarkably, the MnO2/MnCo2O4/Ni

electrode possesses bifunctional catalytic activity for both urea oxidation and hydrogen evolution. A urea

electrolytic cell with both anode and cathode using the heterostructured electrodes has been fabricated

and a current density of 10 mA cm�2 has been achieved at a cell voltage of 1.55 V. This noble metal-free

quadruple hierarchy electrode shows potential as a new platform for multi-purpose applications.
Introduction

Urea is an abundant substance that can be derived from global
industrial activities and urine-rich sanitary wastewater (2–2.5
wt% urea).1–3 The discharged urea can hydrolyze into caustic
ammonia and nitrate under natural conditions, whichmay cause
environmental pollution and eutrophication of underground
water. On the other hand, urea is also a promising energy carrier
owing to its high energy density and easy transport and storage.4,5

The gradually increasing energy demand and environmental
concerns have triggered the development of alternative clean and
sustainable energy resources, such as hydrogen fuel.6–9 Hydrogen
generation through electrolytic water splitting is a simple and
sustainable method, but a large thermodynamic potential is
required owing to the sluggish anodic oxygen evolution reaction
(OER).10–13 In comparison, urea oxidation (UOR) is a more effi-
cient anodic reaction owing to its lower theoretical oxidation
potential of 0.37 V vs. RHE compared to OER (1.23 V vs. RHE).14,15

Hence, UOR has the potential to replace the sluggish OER for
production of hydrogen fuel wherever it is available. In addition
for Electromaterials Science, Monash

ail: xinyi.zhang@monash.edu; douglas.

ering, Shaanxi Normal University, Xi'an,

tion (ESI) available. See DOI:

hemistry 2017
to cheap and efficient hydrogen production, urea electrolysis can
also eliminate the potentially harmful urea simultaneously.
Therefore, the development of urea electrolysis is signicant, not
only in new energy applications (e.g. hydrogen production), but
also for environmental remediation.16

The urea electrolysis reaction in alkaline media can be
expressed as below:17,18

UOR: CO(NH2)2 + 6OH� / N2 + 5H2O + CO2 + 6e�

HER: 2H2O + 2e� / H2 + 2OH�

Overall: CO(NH2)2 + H2O / N2 + 3H2 + CO2

The UOR involves a 6-electron transfer and complicated gas
evolution (N2 and CO2) processes, which also suffer from
intrinsically slow kinetics.19,20 Usually, noble metal-based cata-
lysts, such as Pt/C, Rh and Pd, are required to catalyze the UOR
to obtain a more appropriate rate.4,20,21 Nevertheless, the use of
expensive catalysts greatly restricts the commercialization and
large-scale application of the UOR technique. Hence, much
research effort has been devoted to the development of earth-
abundant materials including 2D S–MnO2,22 Ni–Co compos-
ites,14 LaNiO3 perovskite2 and mesoporous NiO2 nanosheets.23

Likewise, Pt based materials24,25 are state-of-the-art catalysts to
promote the cathodic hydrogen evolution reaction (HER);
however most HER catalysts are only efficient in acidic
J. Mater. Chem. A, 2017, 5, 7825–7832 | 7825
58
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media.26–28 Therefore, a bifunctional catalyst that is efficient for
both UOR and HER in alkaline media is highly desirable in
pursuit of efficient whole-cell urea electrolysis. Apart from
having superior electroactive activity, sophisticated design of
the mesoporous and/or hierarchical architecture is also regar-
ded as crucial for enhancing catalytic performance.29–33 So far,
the majority of reported materials are limited to single- or dual-
hierarchical architecture, leading to restricted reaction surface
area. Smart catalyst architecture can considerably enlarge the
electroactive surface area, further achieving high active-site
density. More signicantly, it can also enhance mass trans-
port to support long-term, vigorous catalytic reaction, thereby
realizing industrial application. Hence, an electrode material
with higher level of hierarchy may be a low cost way to obtain
high catalytic activity for efficient urea electrolysis.

In this study, we fabricated a MnO2/MnCo2O4/Ni (abbrevi-
ated as MMCN) core–shell heterostructured electrode with
quadruple-hierarchy for efficient overall urea electrolysis. As the
rst level of hierarchy, Ni foam provides large numbers of
macroporous channels for the access of electrolyte and dissi-
pation of produced gaseous bubbles. Besides, the evenly
distributed open space in the skeleton makes it possible to
build more delicate nano-architectures. Thus in a secondary
level of hierarchy in this work the MnCo2O4 nanoake array was
further hydrothermally deposited onto the Ni foam scaffold,
resulting in a signicantly enlarged electrode surface area. Both
manganese and cobalt oxides are excellent electrochemical
catalyst materials, while binary metal oxides usually exhibit
higher electrical conductivity than pristine metal oxide mate-
rials.34–36 Particularly, MnO2 is a low cost and environmentally
benign material. Ultrathin MnO2 nanocrystals have demon-
strated superior electrochemical activity and excellent selec-
tivity towards UOR.22 So a tertiary hierarchy of ultra-thin (�10
nm) MnO2 nanosheets (NSs) was in situ grown on top of the as-
fabricated MnCo2O4 nanoakes (NFs). Intriguingly, this
topmost layer of MnO2 NSs possess uniformly distributed
mesopores (�5 nm). Thus the resulting MnO2/MnCo2O4/Ni
electrode possesses a total of four levels of hierarchy. Overall,
a noble metal-free and hierarchical bifunctional electrode has
been developed for efficient whole cell urea electrolysis.
Experiment
Materials

Ni foam with a thickness of 1.6 mm and a bulk density of 0.45 g
cm�3 was used as the substrate. Cobalt nitrate hexahydrate
($98%), manganese nitrate tetrahydrate ($98%), potassium
hydroxide ($98%), ammonium uoride ($98%) and urea were
supplied by Sigma-Aldrich. All the standard electrolyte solutions
were prepared using Milli-Q water with a resistance of 18.2 MU at
25 �C.
Synthesis of MnCo2O4 nanoake arrays on Ni foam

Ni foam was sonicated in 0.5 M HCl, Milli-Q water and absolute
ethanol for 5 min to remove the surface nickel oxide layer.
Subsequently, the clean Ni foam was dried under a pure N2 ow
7826 | J. Mater. Chem. A, 2017, 5, 7825–7832
at room temperature. The MnCo2O4 nanoake arrays were
hydrothermally deposited onto the Ni foam. A reaction solution
containing 3.3 mM of Co(NO3)2, 1.67 mM Mn(NO3)2, 10 mM
NH4F and 25 mM CO(NH2)2 was prepared and sonicated to
ensure homogeneity. Aerwards, 35 mL of the as-prepared
solution was transferred into a 45 mL Teon-lined stainless
steel autoclave. Subsequently, Ni foam with the topside covered
with polytetrauoroethylene tape was vertically immersed into
the solution. The autoclave was placed in an oven at 120 �C for
5 h. Aer the hydrothermal reaction, the autoclave was cooled
down to room temperature naturally. The Ni foam electrode was
rinsed with Milli-Q water and absolute ethanol and dried in air.
Finally, the obtained electrode was calcinated at 300 �C in
a furnace for 2 h.

Fabrication of MMCN electrodes

The mesoporous MnO2 nanosheet layer was electrodeposited
onto the as-prepared MnCo2O4/Ni foam electrode. The electro-
deposition was conducted in a standard three-electrode elec-
trochemical cell, using MnCo2O4/Ni foam as the working
electrode, and Ag/AgCl (saturated) and Pt wire as reference and
counter electrodes, respectively. The electrochemical deposi-
tion solution containing 3 � 10�3 M Mn(NO3)2$4H2O in Milli-Q
water (30 mL) was sonicated for 10 min prior to use. The elec-
trodeposition was carried out at a potential of�1.1 V vs. Ag/AgCl
(saturated) for 300 s. Finally, the obtained composite electrode
was rinsed with Milli-Q water and ethanol and dried in air.

Material characterizations

The scanning electron microscopic (SEM) images were obtained
from JEOL 7001 SEM instrument at 3 kV. Transmission electron
microscopy (TEM) images were obtained from a FEI Tecnai G2
T20 at 200 kV. Samples were prepared by scraping off directly
from Ni foam and drop casting their ethanol solutions onto
holey carbon copper grids. X-ray diffraction patterns were ob-
tained on Bruker D8 ADVANCE ECO powder X-ray instrument
using Cu Ka radiation (l ¼ 0.15418 nm) in a 2q range from 25�

to 70� with a scanning step size of 0.01�. Samples were prepared
by drop casting of the peeled MnO2/MnCo2O4 and MnCo2O4

composites directly onto ITO-glass substrates without using
binders. X-ray photoelectron (XPS) characterizations were
carried out on a Thermal ESCALA 250i X-ray Photoelectron
Spectrometer. All binding energies were calibrated to the C 1s
peak (284.6 eV).

Electrochemical analysis

Cyclic voltammetry (CV) measurements were conducted on an
EC-Lab electrochemical workstation with a standard three-
electrode electrochemical cell, employing fabricated MMCN
electrode as working electrode, Ag/AgCl (saturated) reference
electrode, and a Pt wire counter electrode. All onset potentials
reported in this study have been converted to reversible
hydrogen electrode (RHE, using the equation ERHE ¼ EAg/AgCl +
0.197 + 0.059 � pH, where ERHE is the potential calculated to
RHE and EAg/AgCl is the recorded potential versus Ag/AgCl
(saturated) reference electrode). Polarization measurements
This journal is © The Royal Society of Chemistry 2017
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were measured by linear sweep voltammetry at a scan rate of
5 mV s�1. Electrochemical impedance spectra (EIS) were ob-
tained in a frequency range from 100 kHz to 0.01 kHz at the
open circuit potential.

Results and discussion

Fig. 1A represents the SEM image of MnCo2O4 composites on
the Ni foam scaffold aer hydrothermal deposition and calci-
nation. The entire Ni foam skeleton appears covered with a layer
of uffy MnCo2O4 composites, without alteration of the original
macro-porosity (Fig. 1A vs. S1†). The highly porous structure of
Ni foam with macro-pores $500 mm can maximize the catalyst
loading and facilitate the transport of reactant ions to reach the
interior active sites. Meanwhile, large amounts of macroscopic
channels and open space also enable fast dissipation of gaseous
products (such as N2, CO2 and H2) to avoid blocking of the
diffusion channels and electroactive sites. With closer obser-
vation (Fig. 1B and C), the deposited MnCo2O4 composites are
vertically aligned 2-dimensional (2D) nanoake array with an
average length around 1.5 mm and thickness between 50 and
100 nm. These uniformly distributed MnCo2O4 NFs are mutu-
ally interconnected, forming a secondary porous architecture
with signicantly enlarged electrode surface area. The chemical
composition and elemental distribution of the MnCo2O4 NFs
were characterized by energy-dispersive X-ray spectroscopy
(EDX, Fig. S2†), indicating the homogeneity of deposited
MnCo2O4 composites.
Fig. 1 SEM images of (A)–(C) MnCo2O4 NFs/Ni foam composites, (D)–
(E) MMCN core–shell heterostructured composites at various
magnifications. (F) XRD patterns of MnCo2O4 NFs and MnO2/
MnCo2O4 composites.

This journal is © The Royal Society of Chemistry 2017
In pursuit of higher electroactive surface area, the above-
obtained MnCo2O4/Ni foam was further used as a platform to
electrodeposit a tertiary layer of MnO2 nanocrystals which have
been reported recently as a superior UOR catalyst.5,22 As shown
in Fig. 1D, a rougher surface can be obtained aer the electro-
deposition. From the high resolution SEM image shown in
Fig. 1E, an ultra-thin layer of MnO2 shell-NSs each around
300 nm long and less than 10 nm thick were densely attached
onto the MnCo2O4 NFs. The distance between two adjacent
MnO2 shell-NSs is around 200 nm, which also provides enough
space for the diffusion of urea molecules and generated gas
bubbles. To verify the chemical composition of the electro-
deposited layer, MnO2 NSs were directly electrodeposited onto
the Ni foam to conduct EDX measurements. Only Mn and O
species were detected in the EDX spectra (Fig. S3†), conrming
that the topmost shell is pure MnO2.

In addition, X-ray diffraction (XRD) patterns conrmed the
crystallinity of the intermediate MnCo2O4 NFs and the topmost
MnO2 nanoshells (Fig. 2F). To minimize the impact from the Ni
foam substrate, the MnCo2O4 NFs and MnO2/MnCo2O4 core–
shell composites were scratched off from the Ni foam electrodes
and drop-cast on the ITO glass for the XRD analysis. A series of
diffraction peaks of MnCo2O4 NFs can be detected at 2q¼ 30.8�,
Fig. 2 TEM images of (A) MnCo2O4 NFs, (B) MnO2/MnCo2O4 core–
shell structured composites, (C) MnO2 NSs, (D)–(E) high-resolution
TEM images of MnO2 NSs and (F) SAED pattern of MnCo2O4 NFs.

J. Mater. Chem. A, 2017, 5, 7825–7832 | 7827
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Fig. 3 XPS spectra of MnO2/MnCo2O4 core–shell structured
composites: (A) full spectrum, high-resolution (B) Mn 2p, (C) Co 2p and
(D) O 1s spectra.
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36.2�, 37.6�, 43.8�, 58.5� and 63.9�, which are assigned to (220),
(311), (222), (400), (511) and (440) phase orientations of face-
centered-cubic MnCo2O4 (space group Fd3m (227), JCPDS No.
32-0297). For the XRD pattern of MnO2/MnCo2O4 composite,
only four obvious diffraction peaks can be detected. The peaks
at 2q ¼ 30.8�, 35.3� are indexed as cubic MnCo2O4, while newly
observed peaks at 2q ¼ 49.7� and 60.1� correspond to a-phase
MnO2. It is noted that some original MnCo2O4 diffraction peaks
became weak and/or disappeared and the remaining two peaks
also shied slightly to lower angles, suggesting a change in the
d-spacing of the plane aer the deposition of MnO2 shell-NSs. It
also implies that the deposited MnO2 shells are tightly bound to
the MnCo2O4 cores and induce certain strain into the cubic
structure of the MnCo2O4, thereby maintaining structural
integrity of the entire MMCN electrode. To further conrm the
crystal structure of the topmost MnO2 NSs, MnO2 was also
directly electrodeposited onto ITO glass to carry out the XRD
measurement as shown in Fig. S4.† All detected diffraction
peaks correspond well to a-phase MnO2. The calculated average
crystallite sizes of MnCo2O4 and MnO2/MnCo2O4 are 14.6 nm
and 27.4 nm, respectively.

A TEM image of the intermediate MnCo2O4 NFs scratched off
directly from the electrode (Fig. 2A) reveals that the approximate
length is �1.5 mm. This result agrees well with the SEM images.
Aer electrodeposition, MnO2 NSs were grown along the origi-
nally at surface of MnCo2O4 NFs, as shown in Fig. 2B. Inter-
estingly, the electrodeposited MnO2 NSs are ultra-thin and/or
transparent with graphene-like morphology (Fig. 2C), which
provides more free interspace and electroactive sites. From the
high-resolution TEM (HRTEM) image in Fig. 2D, numerous short-
range ordered mesopores with average diameter �5 nm are
distributed uniformly throughout the MnO2 NSs. As a result, the
mesopores further increase the surface and hence increase the
number of edge sites which are expected to be particularly
active.37,38 Both these changes are likely to increase electrocatalytic
activity. Collectively, the fabricated quadruple hierarchical elec-
trode is composed of macroscopic Ni foam, MnCo2O4 nanoake
cores and the topmost mesoporous MnO2 nanosheet shells. The
entire hierarchical architecture is well interconnected, thus, the
electrons can travel rapidly through the Ni foam scaffold up to the
topmost MnO2 shell-NSs surface to precipitate in catalytic
reactions.

Furthermore, selected area diffraction electron (SAED)
patterns were obtained to characterize the crystal structure of the
intermediate MnCo2O4 NFs and topmost MnO2 NSs. In Fig. 2F,
a series of sharp diffraction fringes can be observed in the SAED
pattern, which agree well with the (111), (220), (311), (400), (420)
and (440) crystal planes of cubic spinel MnCo2O4.39Moreover, the
spot SAED pattern shown in Fig. S5† veries the single-crystalline
feature of the electrodeposited a-phase MnO2 NSs.40 All these
results are in agreement with the information obtained from the
XRD pattern. From the HRTEM image (Fig. 2E), distinct sets of
lattice fringes with inter-planar spacings of 0.24 nm and 0.21 nm
can be further observed, which correspond well to the (�112) and
(�111) planes of a-phase MnO2.41

More details of the chemical composition and valence states
were obtained by X-ray photoelectron spectroscopy (XPS). The
7828 | J. Mater. Chem. A, 2017, 5, 7825–7832
survey XPS spectrum shown in Fig. S6A† indicates that the
MnCo2O4 composites mainly contain Co, Mn, and O elements.
An atomic Mn/Co ratio of approximately 1 : 2 was determined
by the XPS analysis, which is in good agreement with the
empirical formula. The high-resolution Mn 2p spectrum
(Fig. S6B†) shows that the Mn atoms in 2p3/2 and 2p1/2 elec-
tronic congurations can be observed at 642.9 and 654.1 eV,
indicating the coexistance of Mn2+ and Mn3+ species.39 An XPS
measurement was also carried out to analyse the MnO2/
MnCo2O4 composites. Similarly, the XPS spectrum of core–shell
structured MnO2/MnCo2O4 composites (Fig. 3A) demonstrates
the presence of Co, Mn and O as well. In the high-resolution Mn
2p spectrum in Fig. 3B, the Mn 2p spectrum was best tted to
two prominent peaks at 638.3 (Mn 2p3/2) and 650.2 eV (Mn 2p1/2),
with a spin energy separation of 11.9 eV, indicating the existence
of Mn4+.42 The two Mn 2p binding energy peaks can be further
deconvoluted into four sub-peaks by Gaussian tting method.
The binding energies at 642.4 and 653.3 eV are ascribed to the
presence of Mn2+, while the binding energies at 645 and 654.1 eV
are attributed to the Mn3+. Overall, three kinds of Mn species
can be detected in the core–shell structured MnO2/MnCo2O4

composites. From the high-resolution Co 2p spectra in Fig. S6C†
and 3C, the coexistence of Co2+ and Co3+ species can be conrmed
for both MnCo2O4 and MnO2/MnCo2O4 composites as two
dominant energy peaks are located at 781.1 and 796.1 eV,
respectively.43

The above results reveal that the core–shell structured MnO2/
MnCo2O4 composites can provide a surface rich in redox couples
(Mn2+/Mn3+/Mn4+ and Co2+/Co3+), contributing to a high-density
of electroactive sites.44 These synergistic effects between the
MnCo2O4 nanoake cores and the MnO2 nanosheet shells are
advantageous in electrochemical catalytic reactions because the
multiple valence states of metal cations can provide efficient
donor–acceptor chemisorption sites for the reversible desorption
of urea molecules.45,46 The deconvoluted O 1s spectra in Fig. 3D
and S6D† reveal the presence of three different oxygen groups.
The tting peaks at binding energy of 529.8 eV (O 1s A), 530 ev
This journal is © The Royal Society of Chemistry 2017
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(O 1s B) and 532.4 eV (O 1s C) can be assigned to oxygen–metal
bonds, hydroxyl groups and surface-adsorbed H2O molecules,
respectively.47 A slight decrease in the intensity of O 1s B and O 1s
C can be observed aer the electrodeposition of MnO2, indicating
the decrease in hydroxyl groups. The loss of surface hydroxyl
oxygen and oxygen vacancies may lead to inferior catalytic activity
in oxygen evolution and oxygen reduction reactions,48 thus
enhancing the UOR selectivity of the obtained MnO2/MnCo2O4/Ni
electrode.

The catalytic activity of the MMCN electrode toward UOR has
been studied by linear sweep voltammetry (LSV) in 1 M KOH in
the absence and presence of 0.5 M urea (2.9 wt%). As observed
in Fig. 4A, the MMCN electrode shows an excellent UOR
performance with a low onset potential of 1.33 V vs. RHE (at
a current density of 10 mA cm�2), which is comparable to/or
lower than recently reported values on S–MnO2 (1.33 V),22 gra-
phene–Ni(OH)2 (1.52 V),49 NiO nanosheet (1.38 V),23 Ni(OH)2
nanocube array (1.55 V)18 and Pt (1.50).4 Moreover, a relatively
low potential of 1.7 V vs. RHE is required to achieve a high
current density of 386 mA cm�2 (over 1000 mA cm�2 mg�1,
Fig. S7†), which surpasses most, if not all, state-of-the-art elec-
trode materials, as shown in Table S1.† The current density in
the absence of urea is only 37 mA cm�2 at the same potential
(1.7 V vs. RHE), which is assigned to the OER. It reveals that the
Fig. 4 (A) Linear sweep voltammetry (LSV) curves of MMCN electrode
in 1 M KOH in presence (red)/absence (black) of 0.5 M urea at a scan
rate of 5mV s�1. The inset is the optical image of (a) Ni foam (b) MMCN.
(B) UOR polarization curves and (C) Tafel plots of MMCN, MnCo2O4/Ni
foam, MnO2/Ni foam and Ni foam electrodes. (D) Multi-current
process of MMCN, (E) Nyquist plots of MMCN, MnCo2O4/Ni foam,
MnO2/Ni foam and Ni foam electrodes and (F) chronopotentiometric
curve at a constant current density of 10 mA cm�2 for MMCN elec-
trode in 0.5 M urea per 1 M KOH.

This journal is © The Royal Society of Chemistry 2017
obtained MMCN electrode favours the UOR rather than OER
(�90% current is contributed from UOR), indicating it has
excellent catalytic selectivity.

To study the reaction kinetics of the MMCN electrode, the
UOR performance of MnO2/Ni foam, MnCo2O4/Ni foam and Ni
foam electrodes were also investigated as shown in Fig. 4B. It
can be seen that the hydrothermally deposited MnO2/Ni foam
electrode shows similar vertically aligned array as MnCo2O4/Ni
foam (Fig. 1 and S8†). It can be seen that the core–shell struc-
tured MMCN shows lower onset potential of 1.33 V vs. RHE and
larger catalytic current density of 384mA cm�2 (at 1.7 V vs. RHE)
than that of MnO2/Ni foam (1.38 V, 210 mA cm�2), MnCo2O4/Ni
foam (1.37 V, 240 mA cm�2) or bare Ni foam (1.50 V, 50 mA
cm�2). The exceptional UOR performance obtained with the
MMCN electrode can be attributed to the following aspects:
rst, the highly porous architecture can dramatically increase
the accessible surface area, thereby offering larger electrode/
electrolyte interfaces.29 This assumption can be veried by its
high roughness factor (Rf ¼ 533, Fig. S9†),22 2.7 times and 1.8
times higher than those of MnO2 (Rf ¼ 196, Fig. S10†) and
MnCo2O4 (Rf¼ 284, Fig. S11†) as listed in Table S2.† Second, the
unique 3D and quadruple-hierarchy architecture can provide
vast nanochannels to facilitate the transport of electrolyte ions
and dissipate produced gases resulting in fast catalytic kinetics.
This can be elucidated by the small Tafel slope on the MMCN
electrode. Fig. 4C depicts the Tafel plots of MMCN electrode
derived from the UOR polarization curves at low scan rate of
0.1 mV s�1 to minimize the impact from the capacitive currents.
The MMCN electrode shows a considerably smaller Tafel slope
of 72 � 0.94 mV dec�1 than that of the MnO2/Ni foam (96 �
1.04 mV dec�1) or MnCo2O4/Ni foam (90 � 0.57 mV dec�1), and
is even slightly smaller than that of the recently reported S–
MnO2 (75 mV dec�1),22 suggesting its favourable reaction
kinetics towards UOR. Besides, the enhanced UOR activity of
MMCN electrode mainly results from the increased electro-
active sites rather than higher catalyst loading, which can be
conrmed by the higher specic current densities normalized
by mass loading. Fig. S12† shows the absolute UOR polarization
curves of MMCN, MnO2/Ni foam and MnCo2O4/Ni foam elec-
trodes by subtracting the current contribution from OER. It
can be seen that a high specic current density of �940 mA
cm�2 g�1 can be obtained from MMCN electrode at 1.7 V vs.
RHE, much higher than that of MnO2/Ni foam (500 mA cm�2

g�1) or MnCo2O4/Ni foam (700 mA cm�2 g�1) electrodes.
Collectively, the 3D and quadruple-hierarchy MMCN electrode
design can remarkably increase the effective surface area as
well as accessible catalytic active sites to achieve fast UOR
reaction kinetics.

In addition to the unique design of electrode architecture,
the components for each level of the hierarchy were also well
considered. The high conductivity of Ni foam makes it an ideal
scaffold as well as a perfect electron collector. For the inter-
mediate layer, MnCo2O4 is an excellent electrochemical and
capacitive material31,50–53 owing to the increased conductivity
compared to that of MnO2, which was further veried by elec-
trochemical impedance spectroscopy (EIS). The EIS spectrum
comprises a semicircle at high-frequency and a straight slope at
J. Mater. Chem. A, 2017, 5, 7825–7832 | 782962
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Fig. 5 (A) HER polarization curves, (B) corresponding Tafel plots, (C)
full scan CV curves of MMCN electrode and Pt plate in 1 M KOH in the
absence and presence of 0.5 M urea, and (D) overall electrolysis in
two-electrode configuration in 0.5 M urea per 1 M KOH (inset: cor-
responding chronopotentiometric response).
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low-frequency, representing the internal charge transfer resis-
tance and ion diffusion resistance, respectively.54 The Nyquist
plots recorded in Fig. S13† indicate that the binary MnCo2O4

gives a smaller semicircle and higher slope than the pristine
MnO2, suggesting its small internal resistance and fast charge
transport capability. MnO2 is considered to be a promising
electrocatalyst due to its multiple valence states. Moreover,
MnO2 shows better UOR selectivity as 94% current density is
contributed from UOR (the rest 6% current density is caused by
OER), which is higher than the 84% of MnCo2O4 electrode
(Fig. S14†). In particular, MnO2 nanocrystals based materials
show excellent UOR performance in recent reports.5,22 There-
fore, the MnCo2O4 NFs and mesoporous ultra-thin MnO2 NSs
are designed as the intermediate cores and topmost shells,
respectively, to fully utilize their higher conductivity, catalytic
selectivity and activity properties. By diligent design of each
level of hierarchy, the electrons can transport efficiently from
the Ni foam to spread all over the outermost active sites for
robust electrolytic urea conversion.

Fig. 4D shows themulti-step chronopotentiometric analysis of
MMCN electrode in 1 M KOH per 0.5 M urea. Specically,
a staircase current is applied to the MMCN electrode from 15mA
cm�2 up to 50 mA cm�2 with an increment of 5 mA cm�2 per
300 s. At the starting current value, the potential immediately
levels off and remains constant for the remaining 300 s, espe-
cially at higher current. The fast chronopotentiometric response
implies excellent mass transport (inwards diffusion of urea
molecules and outwards dissipation of N2, CO2 and O2 bubbles),
high conductivity of the mechanically robust core–shell struc-
tured MMCN electrode.30 The Nyquist plots of MMCN, MnO2/Ni
foam and MnCo2O4/Ni foam electrodes are displayed in Fig. 4E.
The MMCN electrode exhibits the highest slope, further con-
rming the advantages of the core–shell structure for ion diffu-
sion.54 Furthermore, the long-term stability under continuous
gas evolution is another key consideration for industrial appli-
cation. The MMCN electrode was tested in a bulk UOR process at
a constant current density of 10 mA cm�2, high catalytic stability
was maintained over 15 h urea electrolysis (Fig. 4F), which
outperforms all reported electrode materials in Table S1.†

During the urea electrolysis, HER is themain cathodic reaction.
The catalytic activity of cathode also has a crucial effect on the
electrolytic cell for overall urea electrolysis. Intriguingly, the
MMCN cathode shows comparable HER activity to Pt in alkaline
media, especially at high current densities. As shown in Fig. 5A,
the MMCN electrode can produce a current density up to 10 mA
cm�2 even at a relatively low overpotential (0.2 V and 0.25 V
presence/absence urea). At an overpotential of 0.5 V, the MMCN
electrode is able to deliver a high current density of 180 mA cm�2,
which is comparable to the Pt plate. This performance is mainly
contributed by the well-design quadruple-hierarchy electrode
architecture. The obtained Tafel slopes (Fig. 5B) in 1 M KOH in
presence/absence of urea are 110 mV dec�1 and 130 mV dec�1,
which are also competitive to those of Pt plate (122 mV dec�1

and 96 mV dec�1), suggesting its fast HER kinetics in alkaline
media. Fig. 5C displays the full scan CV curves for MMCN and
Pt plate in 1 M KOH in the presence/absence of 0.5 M urea,
7830 | J. Mater. Chem. A, 2017, 5, 7825–7832
demonstrating the obtained MMCN electrode is active for both
UOR and HER.

Beneting from the bifunctional properties of the MMCN
electrode, a urea electrolytic cell has been fabricated with
both electrodes made from MMCN. As shown in Fig. 5D, the
urea electrolyzer delivered a current density of 10 mA cm�2 at
a voltage of 1.58 V, and high current density of 60 mA cm�2

can be achieved at a voltage of 1.85 V. This performance
surpasses that of the-state-of-art Pt/C–IrO2 and S–MnO2–CoPx

electrode pairs.5,25 Furthermore, a stable potential around
1.75 V can be maintained during a 15 h testing period at the
current density of 20 mA cm�2, exhibiting its excellent long-
term stability as a biocatalyst for both UOR and HER
(Fig. S15†). Using earth-abundant metal oxide electro-
catalysts which operate in the same electrolyte for both
anodic and cathodic reactions, is important for many
renewable energy conversion processes, especially for water
splitting.55–57
Conclusions

In summary, a freestanding hierarchical MMCN electrode with
four levels of hierarchy has been developed through a combina-
tion of hydrothermal and electrochemical approaches. This novel
electrode architecture leads to ultra-large electroactive surface
area and shows extraordinary catalytic activity, selectivity and
long-term catalytic stability in electrolytic urea oxidation. More-
over, the multilevel hierarchical design is also favourable for fast
electrolysis kinetics, including highly efficient transport of reac-
tant molecules/ions, and rapid dissipation of produced gas
bubbles. In addition, the MMCN electrode exhibits excellent
selectivity and catalytic activity toward electrolytic UOR and HER
in alkaline media. The MMCN electrodes show excellent perfor-
mance in a complete urea electrolysis cell, which is promising for
the industrial application of urea electrolysis technology.
This journal is © The Royal Society of Chemistry 2017
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Figure S1. SEM image of bare Ni foam scaffold.
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Figure S2.  (A) SEM image and (B)-(D) elemental mapping images of MnCo2O4/Ni 
foam composites.

Figure S3. (A) SEM image and (B)-(C) elemental mapping images of 
MnO2/Ni foam composites.
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Figure S4. XRD patterns of MnO2 Shell-NSs electrodeposited on ITO glass (red) and 
MnCo2O4 core-NFs (black)  .

Figure S5. SAED pattern of electrodeposited MnO2 shell-NSs.
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Figure S6. (A)XPS spectrum of MMCN, High-resolution XPS spectrum of (B) Mn 
2p, (C) Co 2p and (D) O 1s.

Figure S7.  UOR polarization curves of MMCN, MnCo2O4/Ni foam and MnO2/Ni 
foam electrodes in 0.5 urea/1 M KOH at a scan rate of 5 mV s-1.
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Figure S8. SEM images of MnO2/Ni foam electrode at different magnifications.

Figure S9. CV curves measured at different scan rates from 2 mV/s to 10 mV/s of (A) 
Ni foam, (B) MMCN, current densities recoreded at 0.2 V ploted vs. scan rates of (C) 
Ni foam and (D) MMCN. 

The calculation of the electrochemical surface area (ECSA) is based on the measured 
double-layer capacitance of the obtained MMCN, MnO2/Ni foam, MnCo2O4/Ni foam 
and Ni foam electrodes in 1 M KOH according to previously established methods. The 
calculated capacitance and corresponding roughness factors for each synthesized 
electrode are listed in Table S2.
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Figure S10. CV curves of MnCo2O4/Ni foam electrode measured at different scan 
rates from 2 mV/s to 10 mV/s and (B) current densities at 0.2 V ploted vs. scan rates. 

Figure S11. CV curves of MnO2/Ni foam electrode measured at different scan rates 
from 2 mV/s to 10 mV/s and (B) current densities at 0.2 V ploted vs. scan rates.
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Figure S12. Absolute UOR polarization curves of MMCN, MnCo2O4/Ni foam and 
MnO2/Ni foam electrodes in 0.5 urea/1 M KOH at a scan rate of 5 mV s-1. The current 
is nomalized by catalyst mass loading and subtracted off the current from OER.

Figure S13. Nyquist plots Co3O4/Ni foam, MnCo2O4/Ni foam and MMCN electrodes.
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Figure S14. Comparison of UOR and OER polarization curves of (A) MnO2/Ni foam 
and (B) MnCo2O4 electrodes.

Figure S15. Chronopotentiometric curves at constant current density of 10 mA cm-2 
for in two-electrode configuration in 0.5 M urea/1 M KOH.

The voltage is quite stable during the experiment, suggesting long-term stability of the 
electrodes. 
In order to clarify any possible contribution of metal oxide to the reduction current of 
the electrode, the quantity of charge consumed by metal oxide reduction during 15 
hours has been calculated as follows:

The total charge passed, Qtotal
Qtotal=i*t=0.02 A cm-2 * 0.3 cm-2*15 h*3600=324 C

MnO2 is the main component of the metal oxide. The mass of MnO2 is ~1.35 mg. The 
maximum possible charge that could be consumed in reduction of MnO2 can be 
calculated as follow:
QMnO2 =1.35x10-3 * 4 * 96450 / 70.9=7.34 C
QMnO2 reduction/Qtotal *100%=2.25%

The calculation confirms that the cathodic current are substantially from hydrogen 
generation and the MMCN electrode can act as stable hydrogen catalyst.

73



Table S1. Comparison of the UOR catalytic activity between recently reported 
electrode materias .

Catalysts Onset potential

(at 10 mA cm-2)

j@1.7V vs. RHE

      (mA cm-2)

Mass Activity

          (1.7 V vs. RHE)

Mass 

Loading

Reference

MnO2/MnCo2O4 1.33 384 1020 mA cm-2 mg-1 1.27 This work

MnCo2O4 1.37 240 840         0.97 This work

MnO2 1.38 210 550        1.35 This work

S- MnO2 1.33 ~340 ---       1.5 22

Pt 1.50 110 ---        2.5 4

Graphene-

Ni(OH)2

1.52 35 ---      0.25 49

Ni(OH)2 
nanocube array

1.55 --- 400       0.3 18

LaNiO3 ~1.39 ---               371      --- 2

NiO nanosheet 1.38 --- 670        0.27 23

Table S2. Roughness factors of the synthesized electrode materials 

Electrode Materials MnO2/MnCo2O4 MnO2 MnCo2O4 Ni foam

Specific Capacitance 102.8 37.9 54.8 0.193

Roughness Factor 533 196 284 1
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Chapter 4 

Nanostructured Gold/Bismutite Hybrid Heterocatalysts for Plasmon-

Enhanced Photosynthesis of Ammonia 

4.1 Overview 

This chapter is a paper titled “Nanostructured Gold/Bismutite Hybrid Heterocatalysts for 

Plasmon-Enhanced Photosynthesis of Ammonia” that was published in ACS Sustainable 

Chemistry & Engineering in 2017. 

    Sustainable nitrogen cycle management is one of the major challenges facing engineers and 

scientists due to its importance for food and energy security. The product of nitrogen reduction, 

ammonia (in the form of liquid anhydrous ammonia), is also an important hydrogen storage 

medium owing to its high stored energy density. As an energy carrier, ammonia is zero-carbon 

emission and plays an important role in the implementation of a hydrogen economy. Recently, 

a great deal of research interest has been devoted to the development of ammonia synthesis 

under ambient conditions including electro- and photosynthesis.1-4  

    This work is thus focusing on the synthesis of novel catalysts and their characterization for 

low temperature NH3 production, and NH3 synthesis using new sources of H2 (H2O) other than 

fossil-fuel-derived hydrocarbons, new sources of energy to activate the N–N bond (solar 

energy), improved reactor design for better reactant/product/heat management, and energy 

analysis of the overall process. We designed a Au/Bi2O2CO3 hybrid nanostructure which 

exhibits plasmon-enhanced photocatalytic activity for solar ammonia production at ambient 

temperature and pressure with a high yield of 38 µmol/h•g.  
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This figure demonstrates the use of nanostructured Au/Bi2O2CO3 hybrid for photosynthesis of 

NH3 from H2O and N2 under ambient conditions.  
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ABSTRACT: Nitrogen (N2) reduction to produce ammonia
(NH3) is one of the most important chemical processes globally.
Nowadays, the Haber−Bosch process is the main industrial
procedure for artificial N2 fixation, which requires extremely harsh
synthetic conditions and large energy consumption resulting in
massive emission of greenhouse gas. Hence, an alternative
photosynthesis of NH3 under mild condition, which is sustainable
and less energy consuming, would be highly desirable. In this
study, Au nanoparticles modified (BiO)2CO3 nanodisks were
fabricated through a facile hydrothermal method followed by
chemical bath deposition and investigated for the photocatalytic
reduction of N2 in a pure water system at atmospheric pressure
and room temperature. The induction of Au nanoparticles can
dramatically enhance the light trapping as well as charge separation in the Au/(BiO)2CO3 hybrid, thereby promoting overall
energy conversion efficiency. The synergetic effect of the nanostructured gold/bismutite hybrid results in high catalytic activity
and exhibits high performance for artificial photosynthesis of ammonia.

KEYWORDS: Plasmonic effect, Nanoparticles, Photosynthesis, Nitrogen fixation, Ammonia

■ INTRODUCTION

Ammonia is one of the most important chemicals for the
industrial production of fertilizers, pharmaceuticals, and many
other nitrogenous compounds. Ammonia has also been
considered as a potential carbon-free fuel that can be used as
an ecofriendly energy storage intermediate.1 The current
industrial scale production of ammonia relies on the classic
Haber−Bosch process, which consumes 1−3% of the global
annual energy supply2,3 and requires extreme conditions (e.g.,
∼500 °C, 300 bar) to break the strong covalent bonds of
nitrogen.4 In addition, the process consumes a large amount of
the world’s natural gas production and emits large quantities of
carbon dioxide, aggravating global climate change.5−7 To tackle
such challenges, many efforts have been made with a focus on
the conversion of nitrogen from air into ammonia under mild
conditions. Among them, artificial solar-driven photosynthesis
of ammonia has attracted great interest due to the
inexhaustibility of solar energy and its capacity to reduce
carbon emissions.8−10

The development of high-efficiency catalytic systems is the
key to photosynthesis of ammonia. Recently, nanostructured
bismuth-containing semiconductors, such as Bi2S3, Bi2WO6,
and BiVO4, fabricated through various methods have been
extensively studied for photocatalysis.11−14 Among them,
Bi2O2CO3 (denoted as BSC) with one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) nanostruc-
tures have drawn particular research interest owing to their

excellent performance in a range of applications, including
photocatalysis, supercapacitor, and sensing as well as
antibacterial agent.15−19 Among them, the Aurivillius-type
BSC with alternative (Bi2O2)

2+ and CO3
2− layering20−22

exhibits a unique anisotropic crystal structure and internal
static electric field effect, which favors photoinduced charge
separation and transfer.23−25 However, its relatively wide
bandgap limits its performance in light harvesting in the visible
region. In recent years, plasmonic metallic nanostructures have
received much attention for solar energy conversion due to
their strong interaction with resonant photons through an
excitation of surface plasmon resonance (SPR).26 Solar energy
collection can be significantly enhanced by plasmonic
nanostructures via photonic or/and plasmonic energy-transfer
enhancement.27−29 Besides, the charge separation can be
enhanced by the transfer of photoexcited electrons from
metal nanoparticles to the conduction band of the semi-
conductor.30 Previously, we have demonstrated plasmon-
enhanced nanostructured silicon loaded with gold nanoparticles
with excellent light harvesting and charge separation properties
for solar-driven nitrogen fixation.31 In this work, we have
achieved enhanced solar-light-driven conversion of nitrogen to
ammonia using a plasmon-enhanced nanostructured BSC
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nanodisks (denoted as NDs) modified with gold nanoparticles
(denoted as NPs) as the reduction catalysis sites. This hetero-
nanostructure creates an artificial photosynthesis device capable
of carrying out solar-driven nitrogen reduction reactions into
ammonia.

■ EXPERIMENTAL SECTION
Materials. Bismuth nitrate, urea, sodium hydroxide, gold chloride,

hydrazine hydrate, and sodium sulfite were of analytical grade and
supplied by Sigma-Aldrich.
Hydrothermal Preparation of BSC NDs. The Bi2O2CO3 (BSC)

NDs were prepared through a hydrothermal method. Typically, 4.8252
g of Bi(NO3)3 and 2.5 g of CO(NH2)2 and 0.387 g of Na3C6H5H7
were dissolved in 30 mL of NaOH (1 M) aqueous solution under
magnetic stirring at 600 rpm for 60 min. Subsequently, the as-prepared
homogeneous solution was transferred into a 45 mL Teflon-lined
stainless steel autoclave. The autoclave was sealed and placed in an
oven at 180 °C for 6 h. After the hydrothermal treatment, the
autoclave was cooled to room temperature. The precipitate was
collected and washed with copious amounts of distilled water and
absolute ethanol several times, assisted by sonication treatment to
ensure the complete removal of the possible residues. Finally, the
obtained sample was dried in a vacuum oven at 80 °C overnight.
Chemical Bath Deposition of Au NPs onto BSC NDs. Au NPs

were uniformly loaded on the surface of the as-obtained BSC NDs via
chemical bath deposition (CBD). Au NPs with diameters from ∼11 to
∼36 nm were obtained. Specifically, 40 mg of the above-obtained BSC
NDs were first activated in a solution containing 1 g/L PdCl2 and 5 g/
L HCl for 2 h by sonication and dried in a vacuum oven. After the
activation treatment, the Pd colloids on the surface of the BSC
nanodisks provided the catalytic sites for the electron transfer and
nucleation and growth of Au nanoparticles. The deposition solution
was prepared by dissolving 48 mg of HAuCl4, 640 mg of Na2SO3, 20
mg of EDTA, and 120 mg of KH2PO4 in 4 mL of H2O. The pH of the
solution was adjusted to 9.0 with the addition of 1 M NaOH dropwise.
Then, 10 mg of activated BSC was dispersed into the as-prepared
solution under vigorous stirring. Subsequently, 40 mg of N2H4·H2O
was added into the suspension followed by another 2 h stirring at 60
°C. During the process, the color of the suspension changed from
white to gray gradually with the addition of N2H4·H2O. After
removing the upper, clear solution, the obtained sample was rinsed
with distilled water for 3 times and dried in a vacuum oven at 60 °C
overnight.
Characterization. The structures of the as-prepared samples were

determined using X-ray diffraction (XRD, D8 ADVANCE) with Cu
Kα radiation (25 mA and 40 kV). The materials were investigated by a
scanning electron microscope (SEM, Magellan 400 FEGSEM
instrument) and energy dispersive spectrometer (EDS) that is
attached to the Magellan 400 FEGSEM. A transmission electron
microscope (TEM, Philips CM20, 200 kV) and a high-resolution
transmission electron microscope (HRTEM, JEOL-2011, 200 kV)
were further used to confirm the morphology and crystal phase. The
X-ray photoelectron (XPS) analysis was carried out on a Thermal
ESCALA 250i X-ray photoelectron spectrometer. All binding energies
were calibrated to the C 1s peak at 284.6 eV. UV−vis diffuse
reflectance spectra were recorded on a spectrophotometer in the range
between 200 and 800 nm (UV−vis, SHIMADZU UV-2600).
Photocatalytic Activity Test. All nitrogen reduction reactions

were conducted in a designed photoreduction cell at ambient
temperature and pressure. A 300 W Xe lamp was used as an artificial
solar light source, while the illumination intensity was 1 sun. The Milli-
Q water used in the photocatalytic experiment was bubbled with pure
nitrogen for 1 h to remove the dissolved oxygen prior to each test.
Typically, 20 mg of photocatalyst was dispersed into 20 mL of Milli-Q
water and sonicated for 15 min in darkness to ensure homogeneity.
During the photoreduction, the reaction solution was under magnetic
stirring and purged with nitrogen with a flow rate of 20 mL/min. A 1
mL aliquot of reaction solution was collected every 30 min, and the
photocatalyst was removed by centrifugation. The amount of

produced ammonia was monitored by the indophenol method.
Typically, 1 mL of trisodium citrate/NaOH solution, 40 μL of
phenol/alcohol, and 40 μL of sodium nitroprusside aqueous solution
were added into the obtained 1 mL of reaction solution. The mixed
solution was stored in darkness for 3 h prior to UV−vis measurement.
The adsorption peak of indophenol at around 630 nm was recorded
and used for the ammonia yield calculation. The solar energy
conversion efficiency (SEC) is calculated according to the following
equation:

= ×

Δ⎡⎣ ⎤⎦⎡⎣ ⎤⎦
⎡⎣ ⎤⎦⎡⎣ ⎤⎦

SEC efficiency/%

100

G of ammonia generation
J / mol

produced ammonia
mol

energy input
W

reaction time
s (1)

The ΔG for NH3 generation is 339 × 103 J/mol. The calculation is
based on a 1 h photoreaction reaction under 1 sun irradiance.

■ RESULTS AND DISCUSSION
The morphologies of the BSC nanodisks were observed by
SEM. As shown in Figure 1a,b, the as-prepared BSCs are

relatively symmetric (NDs) with sizes of 250−400 nm and
thicknesses of 30−60 nm. Moreover, the obtained BSC NDs
exhibit highly flat facets and sharp edges, indicating the
excellent local equilibrium structure. After activation in PdCl/
HCl, no obvious morphology change can be observed
(Supporting Information Figure S1), and the remaining flat
NDs are excellent platforms for further deposition of Au
nanoparticles.
Au NPs with diameters between ∼10 and ∼30 nm were

deposited onto the surface of activated BSC NDs through the
CBD treatment (Figure 1c). Significantly, the deposited Au
NPs are tightly attached to the BSC NDs without alternating
the original morphology, indicating its excellent mechanical
stability. The as-obtained BSC and Au NPs-modified BSC (Au/
BSC) samples were further characterized by XRD as shown in
Figure 1d. A series of diffraction peaks can be obtained from
the as-prepared BSC NDs, which are all indexed to the
tetragonal (BiO)2CO3 (a = b = 3.865 Å; c = 13.675 Å; space
group, I4/mmm; JPCDS Card No. 41-1488). The observed

Figure 1. SEM images of as-prepared BSC (a, b) and Au NPs coated
BSC (c). XRD pattern of BSC and Au NPs coated BSC (d).
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BSC diffraction peaks are sharp without appearance of other
impurity peaks, suggesting its high crystallinity and purity. After
CBD treatment, all the BSC diffraction peaks remained and
some new peaks at 38.3°, 44.5°, 54.6°, and 77.5° can be
detected, which can be assigned to the (111), (200), (220), and
(311) reflections of face-centered metallic Au with cubic
structure (JPCDS Card No. 04-0784). The deposited Au NPs
can induce a certain strain to the BSC NDs; therefore, some
major XRD peaks for BSC slightly shift to lower angles. This
implies that the Au NPs are tightly attached onto to the BSC
NDs32 and uniformly distributed on the surface of BSC NDs.
Interestingly, the intensity ratio between (200) and (111)
orientations (I200/I111= 0.32) for the as-obtained Au/BSC is
smaller than the bulk intensity ratio of 0.53, suggesting the faces
of the deposited Au NPs are primarily composed of (111)
planes.
Figure 2a shows the TEM image of a BSC ND with a side

length of about 300 nm and a thickness of about 50 nm. The
corresponding SAED pattern can be indexed as the (001) zone
of bulk BSC with the expected (110) and (11 ̅0) reflections
(Figure 2b). The truncated edge of the BSC plate is enclosed
by {100} facets, which are the main facets of the octagonal
shaped BSC nanodisks that will be discussed further
subsequently. The high-resolution TEM image of regions
indicated in Figure 2a is displayed in Figure 2c, in which clear
(110) and (11 ̅0) lattice fringes with respective spacings of 2.7 Å
are visible. The HRTEM image exhibits a (001) facet with one
of the edges parallel to the {110} or {100} facets. As illustrated
in a previous study,33 BSC is a typical “silleń” phase, in which
Bi−O layers and CO3 layers are intergrown with the plane of
the CO3 group orthogonal to the plane of the Bi−O layer.25

The (001) face is the most densely packed face of the crystal,
and hence BSC crystals enclosed by dominant {001} faces are
commonly observed. When citrate ions are present, they will
tend to adsorb onto {100} faces because their surface energy is
much higher than that on the {001} and {110} facets. The
adsorption of citrate ions then blocks further growth on these
facets and leads to the formation of NDs.

The original smooth surface of BSC become much rougher
resulting from the homogeneously distributed Au NPs, while
no apparent alteration in the shape of BSC NDs can be
observed (Figure 2d). Although the Au NPs exhibit nonuni-
form diameters, these deposited Au NPs are strongly connected
with the BSC substrate, which can facilitate the inducing of
synergistic effects between Au NPs and BSC NDs during
photocatalytic reactions. By a closer observation in Figure 2e,
these Au NPs have diameter ranging from ∼11 to ∼36 nm,
which is consistent with the results obtained from the SEM
images. Furthermore, SAED pattern and HRTEM images were
conducted to reveal the crystallinity of the as-obtained Au/
BSC. The SAED pattern of the edge of Au/BSC was presented
in Figure S2, showing the polycrystalline nature of the coated
Au NPs.34 According to the HRTEM image (Figure 2f), lattice
fringe with spacing around 0.23 nm can be detected, which
corresponds well to the (111) crystal plane of cubic metallic
Au.35

Furthermore, XPS was conducted to confirm the chemical
composition and chemical states of the as-obtained Au/BSC.
The XPS survey spectrum shown in Figure 3a reveals the
existence of Au, Bi, and O in the obtianed Au/BSC hybrid,
while only Bi and O binding energy peaks can be detected in
the XPS survey spectrum of BSC (Figure S3a). From the high-
resolution Au 4f spectrum in Figure 3b, two sets of distinct
binding energy (BE) peaks including Au 4f7/2 loacted at 82.9
and 85.1 eV and Au 4f5/2 positioned at 86.6 and 88.9 eV can be

Figure 2. (a−c) TEM image of BSC NDs, SAED pattern, and corresponding HRTEM image. (d, e) TEM images of Au NPs/BSC NDs and (f)
corresponding HRTEM image.

Figure 3. (a) XPS spectra of Au/BSC hybrid. (b) High-resolution Au
4f spectrum.
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observed, while no peaks can be detected at the same band
position in the high-resolution XPS spectrum of BSC (Figure
S3b). The two main BE peaks (82.9 and 86.6 eV) are
characteristic of metallic Au, while the two shoulders that
appeared at the higher BE region can be ascribed to a small
amount of Au3+ species.36 The appearance of Au3+ species
should be caused by minimal residual amounts of HAuCl4
during the CBD process. Furthermore, the chemical
composition and elemental distribution were further inves-
tigated by EDS shown in Figure S4. All elementals including
Au, Bi, O, and C can be detected suggesting the Au NPs are
uniformly distributed on the BSC NDs. Collectively, Au NPs
(11−36 nm) are strongly attached on the surface of BSC NDs.
On the one hand, the Au NPs can induce localized surface
plasmon resonance effect, therefore enhancing the absorption
of visible light. On the other hand, the Au NPs can act as an
electron collector to efficiently separate the photogenerated
electrons and relative holes for efficient N2 reduction reaction.
The optical absorptions of as-obtained BSC and Au/BSC

photocatalysts were investigated by UV−vis spectra displayed
in Figure 4a. Significantly, Au/BSC exhibits tremendously

enhanced light adsorption ability in both UV and visible regions
compared with pure BSC NDs, which can be attributed to the
deposited Au NPs. For the pure BSC NDs, the UV adsorption
spectrum shows a band edge at the wavelength of 375 nm
corresponding to a band gap of 3.12 eV. By coupling with a
small amount of Au NPs on the surface, the Au/BSC shows
two absorption peaks at 310 and 510 nm, which can be
assigned to the BSC NDs and the Au NPs, respectively.37 The
slight red shift (∼10 nm) of the light absorption edge of BSC
arises from the interaction effect between BSC and the Au NPs.
As a result, a smaller band gap can be achieved for the BSC by
coupling with the Au NPs, which facilitates the excitation of
photoelectrons. The second absorption edge can be attributed
to the plasmon effect introduced by the surface Au NPs.38−41

Consequently, the Au/BSC with enhanced light absorption
ability should exhibit better performance in separation and
transport of photogenerated charge carriers.

The nitrogen reduction reactions were conducted in a
designed photoreduction cell with magnetic stirring under
constant N2 gas bubbling and an artificial solar light 300 W Xe
lamp as the illuminant. The illumination intensity at the sample
was calibrated using a standard Si−solar cell and the distance
adjusted to achieve 1 sun. The reactions occurring during the
N2 photoreduction process are as follows:42

photocathode:

+ + →+ −eN 6H 6 2NH2 3 (2)

photoanode:

→ + ++ −e2H O O 4H 42 2 (3)

To quantify the ammonia concentration, a calibration curve
for standard ammonia solution was established based on the
indophenol blue method as shown in Figure S5. First of all, the
as-prepared materials were also tested under an argon
atmosphere and, in a separate control experiment, without
light illumination where only 0 and 3.35 μmol/(g·h) ammonia
yield can be detected after 60 min, respectively (Figure 4b).
This may be the exposure of the samples to air and/or daylight
during the preparation process. The ammonia yields catalyzed
by pure BSC and Au/BSC are compared in Figure 4c.
Ammonia yield around 10 μmol/(g·h) can be obtained with
pure BSC after 30 min illumination with 1 sun and increased to
around 14 μmol/(g·h) after 120 min illumination. After coating
with Au NPs, the ammonia production increased by 2.5 times
in the first 30 min illumination to over 25 μmol/(g·h).
Moreover, a total yield of ammonia under the same conditions
over 60 min is around 38.2 μmol/(g·h). The corresponding
solar-to-chemical energy conversion efficiency is calculated to
be 0.006%. The excellent performance of Au/BSC in the first 1
h of N2 photoreduction reaction surpasses the state-of-the-art
TiO2 with oxygen vacancies and comparable to other previously
reported photocatalysts listed in Table 1.8,26,31,42,43 The

working mechanism of Au NPs surface-modified BSC NDs
photocatalyst is schematically illustrated as follows: (i)
Plasmonic Au NPs can extend the absorption of light from
the UV region to the visible light part and improve the
electron−hole separation efficiency. (ii) Each Au NP on the
surface of BSC NDs can act as an individual photocathode,
which generates the hot electrons for the N2 reduction reaction.
(iii) Besides, the loading of Au NPs can collect the
photogenerated electron rapidly, thereby preventing the
electron−hole recombination as well as enhancing the charge
transfer during the nitrogen reduction.

Figure 4. (a) UV−vis spectra of BSC and Au/BSC. (b) Yield of
ammonia over 1 h obtained under different conditions: (i) Au/BSC in
Ar atmosphere, (ii) Au/BSC in N2 atmosphere without illumination,
(iii) Au/BSC in N2 atmosphere, and (iv) BSC in N2 atmosphere. (c)
Comparison of ammonia yield between BSC and Au/BSC. (d)
Schematic illustration of the charge transfer in Au/BSC hybrids.

Table 1. Comparison of Photocatalytic Activity for N2
Reduction under 1 sun with Previous Reported
Photocatalysts

catalyst Rt/h
yield/[μmol/(mg·h)] or

[μmol/(cm−2·h)] typea ref

Au/BSC 1 38.23b D this work
BiOBr 1 104.2b D 43

TiO2 1 <5b D 42

Au/bSi 3 0.0411c I 31

Au/SrTiO3 1 <1 × 10−3c I 8

diamond 1 0.25c I 26

aD, catalysts are dispersed in reacting solution; I, catalysts are
immobilized on substrate. bUnit: μmol/(g·h). cUnit: μmol/(cm−2·h)
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However, the ammonia yields only increased 15% to 44
μmol/(g·h) in the second 1 h illumination. The trend toward
constant yield as time increases in Figure 4c may be the result
of the buildup of oxygen in the system, being the product of the
oxidation reaction. The reduction of the generated O2 in the
region of the photocathode sites will become a limiting
reaction. Finally, we refreshed the solution and carried out
another 1 h photoreduction reaction, while only 21% of
ammonia yield (8.3 μmol/(g·h)) can be detected compared to
the first 1 h reaction. This may be caused by quenching the
active sites of BSC NDs during long-term illumination. As a
consequence, the interaction between Au NPs and BSC NDs
would be reduced, resulting in the decrease of generated
photoelectrons. It is hoped that the long-term catalytic stability
toward N2 reduction can be improved by further modification
of the material structure.

■ CONCLUSION

In conclusion, we have successfully synthesized Au NPs’
surface-modified (BiO)2CO3 NDs as a cost-effective catalyst for
solar-driven photosynthesis of ammonia. The plasmonic gold
nanoparticles are able to generate hot electrons as well as
enhance the separation of charge carriers. The strong
synergistic effect between Au NPs and (BiO)2CO3 NDs is
capable of breaking the strong triple bond of nitrogen to form
ammonia. The performance can be further optimized through
controlling the composition, structure, and geometry. We hope
that this work will stimulate further effort in direct nitrogen
photoconversion.
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Figure S1. BSC NDs after activation treatment in PdCl2 solution. 

Figure S2. TEM images of Au/BSC and corresponding SAED pattern. 
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 Figure S3. Full curve and high-resolution XPS pectra of BSC NDs. 

  Figure S4. Elemental mapping of Au/BSC illustrating the uniform distribution 

 of Au, Bi and O. 



86 

 Figure S5. Calibration curve of the NH3 standard solutions. 
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Chapter 5 

Highly Ordered Hierarchical Mesoporous MnCo2O4 for Electrochemical 

Energy Storage 

5.1 Overview 

This chapter is a paper titled “Highly ordered hierarchical mesoporous MnCo2O4 with cubic 

Iα3d symmetry for electrochemical energy storage” that was published in the Journal of 

Physical Chemistry C in 2016.  

Hybrid supercapacitors have attracted great attention since they combine the advantages of 

both double-layer capacitors and alkaline battery. The Hybrid capacitors use battery-type 

electrode materials as the positive side and a capacitor-type electrode as the negative side. The 

hybrid capacitors have advantages of high power density, minimal maintenance cost, long-life 

span and fast charge/discharge ability. The outstanding properties of this new type of capacitors 

make them important power source components for electric vehicles (e.g. buses and trams), 

forklifts and other high-power portable devices.1, 2 

In this chapter, a hierarchically mesoporous MnCo2O4 spinel oxide with two levels of 

hierarchy comprised of large mesopores (~ 17 nm) and small mesopores (~ 5 nm) has been 

synthesised. The obtained MnCo2O4 exhibits enlarged surface area (133 m2/g), pore volume 

(0.42 cm3/g) and prominent capacity of 199 mAh/g at current density of 1 A/g. It is expected 

that these tuneable, hierarchical mesoporous architectures can also be applied for other energy-

related devices such as batteries, fuel cells and water splitting devices.  

References 

1. C. Xiao, X. Zhang, T. Mendes, G. P. Knowles, A. Chaffee and D. R. MacFarlane, J. Phys.

Chem. C, 2016, 120, 23976. 



88 

2. T. C. Mendes, C. Xiao, F. Zhou, H. Li, G. P. Knowles, M. Hilder, A. Somers, P. C.

Howlett and D. R. MacFarlane, ACS Appl. Mater. Interfaces 2016, 8, 35243. 



Highly Ordered Hierarchical Mesoporous MnCo2O4 with Cubic Iα3d
Symmetry for Electrochemical Energy Storage
Changlong Xiao, Xinyi Zhang,* Tiago Mendes, Gregory P. Knowles, Alan Chaffee,
and Douglas R. MacFarlane*

Australian Centre for Electromaterials Science, School of Chemistry, Monash University, Victoria, 3800 Australia

*S Supporting Information

ABSTRACT: Highly ordered cubic Iα3d mesoporous MnCo2O4 with
crystalline framework was synthesized through a facile nanocasting
method. The obtained mesoporous MnCo2O4 possesses hierarchical
porosity with pore sizes of about 5 and 17 nm, respectively, and exhibits
an enlarged surface area (133 m2/g) compared to binary mesoporous
Co3O4 (98.6 m2/g) and MnO2 (75.0 m2/g). Significantly, the
hierarchical mesoporous structure of MnCo2O4 is beneficial for exposing
more electroactive sites, improving the charge transfer and facilitating
the ion transport. As a consequence, the mesoporous MnCo2O4 shows a
high charge storage performance of 199 mAh g−1 at a current density of
1 A/g, long cycle stability, and excellent rate capacity. This study demonstrates ordered ternary mesoporous materials with
controllable porosity that have great potential for high-energy-density electrochemical energy storage.

■ INTRODUCTION

The increasingly serious environmental problems associated
with fossil fuels have prompted intense research interest into
the development of sustainable and reliable energy storage
systems. Among a wide variety of innovative technologies,
supercapacitors (also known as electrochemical capacitors), as a
type of rechargeable energy device, have attracted great
attention owing to their high power density, minimal
maintenance cost, long lifespan, and fast charge/discharge
ability compared to other conventional rechargeable technol-
ogies such as the lithium ion battery.1−6 The outstanding
properties of supercapacitors make them important power
source components for electric vehicles (including trams and
buses), forklifts, and other high power portable devices. The
supercapacitor typically involves two identical electrodes that
store charge in the double layer in the electrolyte adjacent to
the electrodes. A variation on the supercapacitor is often
described as a “hybrid supercapacitor” where one of the
electrodes exhibits more battery-like behavior and therefore
improves the energy density of the device. There is much
interest in such hybrid-type devices made from inexpensive
materials using very highly ion conductive KOH as the
electrolyte, carbon as a classical double layer capacitive negative
electrode, and various transition metal oxide type materials as
the positive electrode.7−11 There have been many reports of
these oxide type materials for this application, most describing
these in terms of “pseudocapacity”; however, it has recently
been pointed out12,13 that this description is incorrect in many
cases (with the notable exception of MnO2 and RuO2) and that
the main charge−discharge behavior of these materials is
Faradaic in nature. In other words, the bulk of the charge stored
by these materials is electrochemical in nature and the process

takes place over a narrow range of potentials, similar to battery
electrodes. Nevertheless, as long as these materials are seen in
the appropriate light, and analyzed as such, they remain
interesting and important electrochemical materials for charge
storage devices, in particular for hybrid-type devices. As is true
for all electrochemical storage devices, it is the electrode
capacity (in mAh g−1) over the operating potential range that is
the important feature of the electrode material. Therefore, it is
preferable to interpret the properties of hybrid materials in
terms of specific capacity rather than specific capacitance
(capacity = capacitance × ΔV).
Transition metal oxides and their hybrids are well-known

electroactive materials owing to their multiple oxidation states.
Recently, the development of earth abundant transition metal
(Ni, Co, Mn, etc.) oxide and hydroxide materials has attracted
enormous research effort owing to their low environmental
impact and theoretically high-energy-density capability.14−19

Nonetheless, despite recent progress, great challenges still
remain for non-noble electrode materials to achieve excellent
capacity and stability performance. In pursuit of a high
electrochemically active surface area, exploration has been
devoted to creating hierarchical and/or three-dimensional
porous materials including metal oxide core/shell arrays,20

NiCo2O4 nanosheet/halloysite nanotubes,21 porous graphene-
like network films,22 and mesoporous carbon and carbon
nanotubes.23 Among them, well-ordered mesoporous materials
exhibit a unique set of advantages, including great numbers of
regular channels, controllable structures, and a multitude of
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composites.24−26 Lately, mesoporous first-row transition metal
(e.g., Co, Ni, and Fe) oxides have been reported as excellent
electrochemical materials in energy conversion and storage,
such as water splitting,26−30 however, most of them are
unimodal mesoporous materials, with pore size less than 5 nm.
Such small mesopores limit the access of the electrolyte and ion
transport into the inner surface of the mesopores. Therefore,
the surface area of the electrodes cannot be efficiently utilized,
especially at high rates. In this regard, mesoporous materials
with hierarchical porosity are of great current interest because
they not only provide large active surface area, but also allow
efficient mass transport.31,32

As a typical spinel type of ternary oxide, MnCo2O4 is known
to have a cubic structure (space group Fd3 ̅m (227) with lattice
constants of a = b = c = 8.269 Å). It has wide applications in
many fields, such as spintronics, sensors, lithium batteries, and
electrochemical energy storage.33−37 MnCo2O4 nanostructures
with different morphologies have been investigated.35−41

However, there is no report on the synthesis of ordered
hierarchical mesoporous MnCo2O4 as yet. In this work, we have
synthesized cubic Iα3d mesoporous MnCo2O4 with crystalline
framework. The resultant cubic Iα3d mesoporous MnCo2O4
has continuous crystalline framework with hierarchical pore
sizes (ca. 5.4−17 nm) and high specific surface areas (up to 133
m2/g). This unique structure of the mesoporous MnCo2O4
allows efficient mass and charge transfer. Meanwhile, the
combined contributions from both Co and Mn ions in
MnCo2O4 make its performance superior to the binary
counterparts, collectively exhibiting a high capacity, an excellent
rate capability, and long-term cycling performance.

■ EXPERIMENTAL SECTION
Chemicals. Cobalt(II) nitrate hexahydrate, manganese(II)

nitrate tetrahydrate, potassium hydroxide, sodium hydroxide,
Nafion 117 (5 wt %), Pluronic P-123 (EO20PO70EO20),
tetraethyl orthosilicate (TEOS), urea, and n-butanol were
purchased from Sigma-Aldrich. All chemicals used in this study
were of analytical grade and used without further purification.
Preparation of Mesoporous Silica Template (KIT-6).

Cubic silica template (KIT-6) with ordered channels was
synthesized through a hydrolysis approach followed by
hydrothermal treatment. Typically, 6 g of Pluronic P-123 was
dissolved in acid solution containing 217 g of distilled water
and 11.8 g of concentrated hydrochloric acid (35%) by
vigorous stirring. Subsequently, 6 g of n-butanol was added into
the mixture solution with stirring at constant temperature (35
°C) using an oil bath until the formation of homogeneous
solution, and then 12.9 g of TEOS was gradually added into the
resultant solution. This resultant solution was sealed and
vigorously stirred for another 24 h at 35 °C for thorough
hydrolysis of the silicone precursor. Afterward, the formed gel-
like solution was transferred into an autoclave and placed in an
oven for 24 h at 100 °C. After the hydrothermal reaction, the
sample was collected by filtration and dried in the oven. The
dried sample was soaked in ethanol−HCl solution (20 mL of
ethanol/2 mL of concentrated HCl) for another 20 min
extraction treatment. Subsequently, the sample was washed
with copious water and dried again in an oven. Finally, the
obtained powder was annealed in a tube furnace at 550 °C for 6
h to completely remove the residual polymer surfactant.
Preparation of Mesoporous MnCo2O4. Mesoporous

MnCo2O4 with well-ordered mesopores was synthesized
through the hard-template method using the as-prepared

KIT-6 template. Typically, 0.291 g of cobalt(II) nitrate
hexahydrate and 0.125 g of manganese(II) nitrate tetrahydrate
with a molecular ratio of 2:1 were first dissolved in 10 mL of
absolute ethanol by vigorous stirring. Subsequently, 0.2 g of as-
prepared KIT-6 was added into the ethanol solution, followed
by another 2 h of stirring to form a homogeneous suspension.
After that, the resulting solution was heated and maintained at
60 °C using an oil bath to evaporate the ethanol. During the
evaporation process, the metal ions were forced to impregnate
the channels of the silica template. After the impregnation
process, the obtained sample was annealed at 400 and 500 °C,
respectively for another 2 h (denoted MnCo2O4(400) and
MnCo2O4(500), respectively). In order to fully fill the silica
template, the impregnation and consolidation process was
repeated with 1/3 of the metal precursor. Afterward, the silica
template was removed by washing with 2 M NaOH solution
three times and distilled water for another three times. Finally,
mesoporous MnCo2O4(400) and MnCo2O4(500) were col-
lected by centrifugation and dried in an oven at 60 °C
overnight.

Preparation of MnCo2O4 Nanoparticles. For comparison
purposes, MnCo2O4 nanoparticles were prepared through a
hydrothermal method. Specifically, cobalt(II) nitrate hexahy-
drate (40 mM), manganese(II) nitrate tetrahydrate (40 mM),
and urea (20 mM) were dissolved in a solution containing
distilled water and absolute ethanol in a volume ratio of 4:1.
Subsequently, the resulting solution was sonicated for 30 min
before transferring to a 48 mL autoclave followed by
hydrothermal treatment at 150 °C for 6 h. Afterward, the
sample was cooled to room temperature and washed with water
several times to remove the residual impurities. Finally, the
obtained MnCo2O4 nanoparticles were calcined at 400 °C for 2
h.

Electrochemical Measurements. The obtained mesopo-
rous mMnCo2O4(400) and a small amount of carbon black
were drop-cast onto a nickel foam electrode (denoted as NF)
to achieve the mMnCo2O4(400) coated NF electrode (denoted
as mMnCo2O4(400)/NF). On the one hand, the
mMnCo2O4(400) is in direct contact with NF, thereby
facilitating the electron transport. On the other hand, the
macroscopic skeleton of Ni foam and the mMnCo2O4(400)
actually form two levels of hierarchical architecture, which can
maximize the electrochemical surface area. Typically, 1 mg of
the capacitive materials, 0.1 mg of carbon black, and 10 μL of
Nafion solution were added to a 200 μL solution containing
water and isopropanol with a volume ratio of 3:1. This
suspension was sonicated until the formation of homogeneous
black ink. After that, the ink was drop-cast onto a piece of
nickel foam and dried, making the material density 1 mg/cm2.
The electrochemical performance in this study was evaluated in
a three-electrode electrochemical cell employing the prepared
MnCo2O4(400)/NF as the working electrode and Ag/AgCl
(saturated) and Pt wire as the reference electrode and counter
electrode, respectively. All measurements were conducted in 2
M KOH solution (pH 14) on an EC-Lab electrochemical
workstation. Electrochemical impedance spectra (EIS) were
measured in a frequency range from 100 to 0.01 kHz at an open
circuit potential. The specific capacity was calculated based on
the equation

= = ΔC Q M I t M/ /3600 (1)

where C (mAh g−1) is the specific capacity, Q is the quantity of
charge, I (mA) is the constant charge current, Δt (s) is the
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discharge time, and M (g) represents the mass of the
electroactive materials . For comparison purposes,
mMnCo2O4(500) and MnCo2O4 nanoparticle nickel foam
electrodes were also prepared through the drop-casting method
described above.
Material Characterization. The scanning electron micros-

copy images were conducted on field emission scanning
electron microscope (Magellan 400 FEGSEM instrument).
Transmission electron microscopic images and energy dis-
persive spectroscopy were recorded by an FEI Tecnai G2 T20
working at 200 kV. The X-ray diffraction patterns were
obtained on a Bruker D8 ADVANCE ECO powder X-ray
instrument using Cu Kα radiation (λ = 0.154 18 nm) in the 2θ
range from 10 to 90° with a scanning step size of 0.01°. The
small-angle X-ray scattering experiment was conducted on an
N8 HORIZON small-angle X-ray scattering system. The
nitrogen adsorption−desorption isotherms were performed
on a Tristar II instrument operating at 77 K. Prior to each
measurement, the sample was degassed under vacuum
environment for 5 h at 150 °C. The specific surface area and
pore size distribution were evaluated by the Brunauer−
Emmett−Teller (BET) method.

■ RESULTS AND DISCUSSION
Figure 1 presents the scanning electron microscopy (SEM)
images of MnCo2O4(400). As shown in Figure 1a, fluffy and

interconnected nanoparticles with numerous nanocavities and
nanopores are obtained via the nanocasting method. By a closer
observation in Figure 1b, these fluffy nanoparticles are
comprised of well-distributed mesopores with an average
diameter around 17 nm. Significantly, these well-distributed
mesopores are uniformly embedded among the entire bulk
structure of each particle offering enormous open space and
accessible channels. Figure 2 displays the transmission electron
microscop ic (TEM) images o f the synthes i zed
mMnCo2O4(400). It can be clearly observed that slit-like
pores are well distributed among the entire mMnCo2O4(400)
nanoparticles with a bulk structure around 200 nm (Figure 2a).
Two kinds of primary pores with average diameters of ∼5 nm
(Figure 2a,b) and ∼17 nm (Figure 2c,d) can be observed,
which is in agreement with previously reported Au and Fe
induced mesoporous Co3O4.

28,42 All of these mesopores are
well-ordered showing a mesoporous structure with Iα3 ̅d
symmetry, confirming the faithful replication of the cubic
structured KIT-6 template.
For comparison, mMnCo2O4 calcined at 500 °C, (denoted as

mMnCo2O4(500)) and MnCo2O4 nanoparticles (denoted as
MnCo2O4 NPs) were also synthesized (see details in the

Experimental Section), as shown in Figure S1. Obviously,
mMnCo2O4(500) shows a porous structure similar to that of
mMnCo2O4(400), while MnCo2O4 NPs show irregular size
from around 50 to 150 nm, and numerous irregular cavities are
randomly distributed on the surface. The mesoporous
MnCo2O4 with well-ordered mesopores is expected to
significantly enlarge the ion-accessible surface area which
plays a crucial role in charge storage as the capacity
performance is highly dependent on the Faradaic redox
reactions occurring on the interface between the electroactive
materials and the electrolyte. Furthermore, high-resolution
TEM (HRTEM) and selected area diffraction electron (SAED)
patterns were also obtained to further investigate the surface
structure of the obtained mMnCo2O4. The HRTEM image of
mMnCo2O4(400), shown in Figure 2f, exhibits two kinds of
lattice fringes with interplanar distances of 0.42 and 0.25 nm,
which correspond to the (200) and (311) atomic planes of
cubic MnCo2O4 structure.40 Meanwhile, the sharp diffraction
fringes in the corresponding SAED pattern (Figure 2e) are
corresponding to the (220), (311), (400), (440), and (511)
crystal planes of the MnCo2O4, indicating the high crystallinity
of the mMnCo2O4.

35

X-ray diffraction (XRD) measurement was further performed
to characterize the crystalline structure of MnCo2O4 displayed
in Figure 3. Both mMnCo2O4 samples (annealed at 400 and
500 °C) and MnCo2O4 NPs (Figure S2) show diffraction peaks
at 2θ = 18.6, 32.5, 37.2, 44.9, 56.3, 59.4, 65.1, and 75.3°. All of

Figure 1. (a) SEM image and (b) high-resolution SEM image of
hierarchically mesoporous MnCo2O4..

Figure 2. (a−d) TEM images at various magnifications, (e) SAED
pattern, and (f) high-resolution TEM image of well-ordered
mMnCo2O4.
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these observed diffraction peaks can be indexed to the (111),
(200), (311), (400), (422), (511), (440), and (533) planes of
the cubic MnCo2O4 (a = b = c = 8.269 Å; space group Fd3 ̅m
(227), JPCDS Card No. 23-1237). The calculated average
crystalline size is 11.6 nm by subtracting the diffraction peak
from the instrumental broadening component. The low-angle
XRD pattern in Figure 3b shows (211) and (332) diffraction
peaks, which can further characterize the cubic (Iα3d)
symmetry of the pore system. In addition, the small-angle X-
ray scattering (SAXS) pattern in Figure S2 shows that the
mMnCo2O4(400) has three well-resolved scattering peaks.
After model ing analys is , th is suggests that the
mMnCo2O4(400) contains mesopores with an average
diameter of 5.0 nm, which is consistent with the observation
of slit-like pores (5.4 nm) in the TEM image, indicating the
highly ordered mesoporous architecture. The chemical
composition and elemental distribution of the obtained
mMnCo2O4(400) were analyzed by energy dispersive X-ray
spectroscopy (EDS) as shown in Figure 4. According to the

backscattered TEM and elemental mapping images displayed in
Figure 4, both Mn and Co ions are uniformly distributed over
the entire particle. In addition, an atomic Mn/Co ratio of
approximately 1:2 was also determined by the EDS analysis
shown in Figure S3, which is in accord with the empirical
formula, further confirming the formation of cubic Iα3d
mesoporous MnCo2O4 spinel oxide structure.38,43

Figure 5 presents the N2 adsorption−desorption isotherms
and pore size distr ibutions of mMnCo2O4(400),

mMnCo2O4(500), and MnCo2O4 NPs. The isotherms obtained
from mMnCo2O4 (Figure 5a) exhibit type IV features with H3
hysteresis loops, indicating the mesoporous nature of the
mMnCo2O4.

44,45 According to the calculated Brunauer−
Emmett−Teller (BET) surface area data summarized in
Table S1, both mMnCo2O4(400) and mMnCo2O4(500) have
similar surface areas of 133.3 and 132.8 m2/g, respectively,
which are much higher than the value (45.2 m2/g) for
MnCo2O4 NPs. Interestingly, mMnCo2O4(400) has a larger
pore volume (0.420 cm3/g vs 0.369 cm3/g) than
mMnCo2O4(500). The slight decrease in pore volume may
result from the collapse of some large pores at higher annealing
temperatures. This hypothesis is confirmed by the pore size
distribution plots displayed in Figure 5b. The pore size
distribution of mMnCo2O4(400) exhibits two dominant peaks
centered at 5.4 and 17.2 nm, while the dominant peaks of
mMnCo2O4(500) are located at 4.7 and 13.1 nm, respectively.
All these results directly evidence the hierarchical characteristic
of the mMnCo2O4(400). It is expected that the high surface
area and large pore volume of the hierarchical mesostructure
can benefit the penetration of sterically hindered reactants into
the internal layer, thereby dramatically enlarging the effective
interfaces for electrochemical reactions.
Pristine mesoporous Co3O4 (mCo3O4) and MnO2

(mMnO2) were also prepared under the same conditions as
mMnCo2O4(400) for comparison. As shown in the TEM
images (Figure S4), both mCo3O4 and mMnO2 exhibit well-
ordered mesoporous structures, revealing a successful repli-
cation of KIT-6. However, it can be seen in Figure S5 that
mCo3O4 exhibits only one dominant pore size centered at ∼5
nm, while mMnCo2O4 shows two dominant peaks at ∼5 and
∼17 nm (Figure 5), respectively. According to a previous
report, Co species can uniformly impregnate both channels of
KIT-6, forming a monomodal pore size distribution. However,
the Co species are forced to impregnate one channel in the
presence of Fe ions; hence, the replica exhibits bimodal pore
size distribution.27,28,42 In this study, the obtained mMnCo2O4
shows two kinds of pore size distributions, suggesting the Mn
can also affect the impregnation of metal precursors inside the
KIT-6. It has been reported that Mn ions would grow in only
one set of the mesochannels, thus generating two kinds of
mesopores after removing the KIT-6 (Figure S5).46 However, it
is difficult for pristine Mn ions to fully fill the mesochannels of
KIT-6 owing to the complex interactions between the silica and
the Mn alkali precursor.24,47 The outside loaded Mn may
accumulate together to form a bulk structure, thereby
decreasing the actual surface area (Table S1). Here, we

Figure 3. (a) Wide-angle X-ray diffraction patterns of
mMnCo2O4(400) (red) and mMnCo2O4(500) (blue). (b) Small-
angle X-ray diffraction pattern of well-ordered mMnCo2O4(400).

Figure 4. (a) Backscattered TEM image; (b−d) EDS Co (red) and
Mn (blue) elemental mapping of mMnCo2O4.

Figure 5. (a) N2 adsorption−desorption isotherms and (b) pore size
distribution plots of mMnCo2O4 (400 °C), mMnCo2O4 (500 °C), and
MnCo2O4 NPs.
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propose that the Mn can guide the impregnation of the alkali
precursors into the targeted KIT-6 mesochannels in the
presence of Co precursor. As a result, the generated
mMnCo2O4 shows excellent homogeneity and a hierarchically
mesoporous structure. Significantly, the change in the porous
structure leads to a higher surface area and pore volume of
MnCo2O4 (133 m2/g, 0.42 cm3/g) than those of the mCo3O4
(98.6 m2/g, 0.17 cm3/g) and mMnO2 (75.0 m

2/g, 0.28 cm3/g).
The electrochemical performance of the obtained

mMnCo2O4 samples and MnCo2O4 NPs were evaluated in 2
M KOH solution in a standard three-electrode electrochemical
cell, employing mMnCo2O4 loaded Ni foam working electro-
des, a Ag/AgCl (saturated) reference electrode, and a Pt wire
counter electrode. Figure 6a depicts the cyclic voltammetry

(CV) curves of all prepared MnCo2O4 samples at the scan rate
of 25 mV/s in 2 M KOH solution. All CV curves exhibit similar
shapes with two pairs of Faradaic redox peaks in the potential
range from 0 to 0.45 V (vs Ag/AgCl), corresponding to the
redox processes as follows:47−49

+ + ⇔ +

+

−

−

MnCo O OH H O 2CoOOH MnOOH

e
2 4 2

(2)

+ ⇔ + +− −CoOOH OH CoO H O e2 2 (3)

+ ⇔ + +− −MnOOH OH MnO H O e2 2 (4)

Apparently, the CV curve obtained from mMnCo2O4(400) has
the largest enclosed area, suggesting the highest capacity.

To quantify their charge storage capability, galvanostatic
charge−discharge (GCD) measurements were carried out
within the potential window between 0 and 0.45 V vs Ag/
AgCl (saturated) at a current density of 1 A/g, as presented in
Figure 6b. It can be observed that all MnCo2O4 samples exhibit
plateau regions in their charge−discharge curves, as expected
from the CV behavior. The specific capacities were calculated
based on the discharge time of the GCD plots between 0.45
and 0.2 V according to eq 1. The highest capacity is obtained
from mMnCo2O4(400) at the current density of 1 A/g (199
mAh g−1), which is much higher than the values of mMnCo2O4
(500 °C, 155 mAh g−1) and MnCo2O4 NPs (16.1 mAh g−1).
These results are consistent with the estimates obtained from
the CV curves in Figure 6a. The theoretical capacity of the
MnCo2O4 compound was calculated to be 452 mAh g−1 (see
calculation details in the Supporting Information). The high
specific capacity of mMnCo2O4(400) outperforms many recent
reported nonprecious electroactive materials in terms of charge
storage capability, such as mesoporous Co3O4/CeO2 hybrid
nanowires (130 mAh g−1),50 Ni−Co−S composites (167 mAh
g−1),51 and flake-like MnCo2O4 (165 mAh g−1),52 urchin-like
NiCo2S4 (175 mAh g

−1),53 and hierarchical Co3O4 twin spheres
(76 mAh g−1),54 as shown in Table S2.
Figure 6c shows the CV curves obtained from

mMnCo2O4(400) at various scan rates from 5 to 25 mV/s.
Despite a slight shift in peak positions, the shapes of all CV
curves basically remain unchanged, revealing a high electro-
chemical reversibility and excellent rate capacity. In addition,
bare Ni foam was also characterized by CV and GCD
techniques, as shown in Figure S6. It can be observed that
bare Ni foam shows a pair of redox peaks with low current
densities (Figure S6a). This redox process is assigned to the
reversible reaction of Ni(II)/Ni(III) occurring on the Ni foam
surface. However, bare Ni foam exhibited negligible capacity
compared with the mMnCo2O4/NF electrode shown in the
GCD curve (Figure S6b). Figure S7a depicts the initial and fifth
cycle discharge curves of mMnCo2O4(400)/NF electrode at a
current density of 5A/g. This reveals that the initial discharge
capacity is around 125 mAh g−1, while the capacity increases to
150 mAh g−1 after five cycles. This phenomenon is attributed to
the gradual kinetic activation of mMnCo2O4 upon the ion
transportation and redox process on the electrochemical
interphase. Additionally, the CV profile (Figure S7b) also
exhibits an activation process in the first seven cycles (Figure
S7), which is in agreement with the discharge data.
The GCD curves of mMnCo2O4(400) obtained at various

current densities from 1 to 5 A/g are depicted in Figure 6d. It
can be observed that specific capacities of 199, 172, 158, 145,
and 137 mAh g−1 can be obtained at current densities of 1, 2, 3,
4, and 5 A/g (Figure 6f), respectively. As a result, about 70%
capacity is retained when the charge−discharge rate increases
from 1 to 5 A/g. These results are comparable to, or even
better than, those in previous reports (Table S2).50−54

Moreover, the mMnCo2O4(400) also exhibits higher capacity
(199 mAh g−1) than that of the corresponding monometallic
oxides mCo3O4 (75 mAh g−1) and mMnO2 (56 mAh g−1)
(Figure S8), suggesting the combined contribution from both
Co and Mn ions produces enhanced charge storage capability.
To check the material loading effect, we further investigated the
charge storage performance of a mMnCo2O4(400)/NF
electrode with a mass loading of 2 mg/cm2. However, the
capacity is lower than the 1 mg/cm2 electrode (Figure S9).
Higher mass loading may hinder the ion transport into the

Figure 6. (a) CV curves of mMnCo2O4(400), mMnCo2O4(500), and
MnCo2O4 NPs at a scan rate of 25 mV/s; (b) charge/discharge
voltage profiles of mMnCo2O4(400), mMnCo2O4(500), and
MnCo2O4 NPs at 1A/g; (c) CV curves of mMnCo2O4(400) with
various scan rates from 5 to 25 mV/s; (d) charge/discharge voltage
profiles of mMnCo2O4(400) at various current densities from 1 to 5
A/g; (e) Nyquist plots of mMnCo2O4(400) and MnCo2O4 NPs; and
(f) corresponding capacities of mMnCo2O4(400) at different current
densities.
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inner surface of mesoporous materials, and decrease the
availability of the internal structure of the electrode.
The mMnCo2O4 was further investigated by electrochemical

impedance spectroscopy (EIS). The recorded Nyquist plots
shown in Figure 6e were obtained after 50 charge−discharge
cycles, and the measurement was carried out in open circuit
condition. The semicircle in the high-frequency region is
related to the charge transfer resistance within the capacitive
materials (Rct), and the straight slope in the low-frequency
region reveals the ion diffusion on the electrode/electrolyte
interface.21,54 It can be seen that the MnCo2O4 NP displays no
obvious semicircle in the high-frequency region, but a lowered
slope in the low-frequency region, suggesting its inferior ion
diffusion process. In comparison, the mMnCo2O4 exhibits a
smaller semicircle and a high slope, indicating a small internal
resistance (Rct = 11.6 Ω), fast charge transfer, and low ion
diffusion resistance, which is even better than the reported
flake-like MnCo2O4.

52 The high capacity and good rate
capability can be summarized as follows. First, the
mMnCo2O4(400) with highly ordered hierarchical mesopores
and continuous crystalline framework can facilitate the
transport of electrolyte ions, reducing the diffusion resistance.
Second, the mesoporous MnCo2O4 has higher exposed surface
area and offers more stable and efficient electroactive sites in
comparison to its nanoparticle counterparts, resulting in the
high capacitive performance. Third, the porous structure of Ni
foam allows rapid electron transfer and ion diffusion between
MnCo2O4 and electrolyte on the entire electrode.
The stabi l i ty and Coulombic efficiency of the

mMnCo2O4(400) were tested with continuous charge−
discharge cycling at a high current density of 10 A/g, as
shown in Figure 7. In the first cycle, the mMnCo2O4(400)/NF

electrode can deliver a capacity of 93 mAh g−1. After 1000
charge−discharge cycles, around 76% of the capacity is retained
compared to the first cycle. Moreover, the Coulombic
efficiencies at the first and last cycles are 96.5 and 98.1%,
respectively, probably as a result of a small amount of oxygen
production in the high potential region. As shown in Figure
S10, the mesoporous structure is still maintained after 1000
cycles, suggesting the excellent stability of the mMnCo2O4. The
slow decrease in the capacity with cycling process is mainly
caused by the detachment of mMnCo2O4 from the Ni foam
substrate. It is expected that the cycling stability can be further
improved by using a more effective binder and optimized
design of the electrode.

■ CONCLUSION
In summary, hierarchical mesoporous MnCo2O4 spinel oxide
with two levels of hierarchy comprised by large mesopores
(∼17 nm) and small mesopores (∼5 nm) has been synthesized.
A MnCo2O4 electrode has been developed by using Ni foam as
the electron collector. The MnCo2O4/NF hierarchical elec-
trode material has high charge storage capability as well as
excellent long-term cyclic stability, making it a promising
candidate for high-performance electrochemical energy storage
devices. It is expected that this tunable, hierarchical
mesoporous architecture can also be applied for other
applications, such as batteries, fuel cells, and water-splitting
devices.
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(12) Brousse, T.; Beĺanger, D.; Long, J. W. To Be or Not to Be
Pseudocapacitive? J. Electrochem. Soc. 2015, 162, A5185−A5189.
(13) Stoller, M. D.; Ruoff, R. S. Best Practice Methods for
Determining an Electrode Material’s Performance for Ultracapacitors.
Energy Environ. Sci. 2010, 3, 1294−1301.
(14) Li, H. B.; Yu, M. H.; Wang, F. X.; Liu, P.; Liang, Y.; Xiao, J.;
Wang, C. X.; Tong, Y. X.; Yang, G. W. Amorphous Nickel Hydroxide
Nanospheres with Ultrahigh Capacitance and Energy Density as
Electrochemical Pseudocapacitor Materials. Nat. Commun. 2013, 4,
1894.
(15) Xia, X.; Tu, J.; Mai, Y.; Chen, R.; Wang, X.; Gu, C.; Zhao, X.
Graphene Sheet/Porous NiO Hybrid Film for Supercapacitor
Applications. Chem. - Eur. J. 2011, 17, 10898−10905.
(16) Gao, Z.; Yang, W.; Wang, J.; Song, N.; Li, X. Flexible All-Solid-
State Hierarchical NiCo2O4/Porous Graphene Paper Asymmetric
Supercapacitors with an Exceptional Combination of Electrochemical
Properties. Nano Energy 2015, 13, 306−317.
(17) Guo, D.; Luo, Y.; Yu, X.; Li, Q.; Wang, T. High Performance
NiMoO4 Nanowires Supported on Carbon Cloth as Advanced
Electrodes for Symmetric Supercapacitors. Nano Energy 2014, 8,
174−182.
(18) An, C.; Wang, Y.; Huang, Y.; Xu, Y.; Jiao, L.; Yuan, H. Porous
NiCo2O4 Nanostructures for High Performance Supercapacitors via a
Microemulsion Technique. Nano Energy 2014, 10, 125−134.
(19) Hong, W. T.; Welsch, R. E.; Shao-Horn, Y. Descriptors of
Oxygen-Evolution Activity for Oxides: A Statistical Evaluation. J. Phys.
Chem. C 2016, 120, 78−86.
(20) Xia, X.; Tu, J.; Zhang, Y.; Wang, X.; Gu, C.; Zhao, X. B.; Fan, H.
J. High-Quality Metal Oxide Core/Shell Nanowire Arrays on
Conductive Substrates for Electrochemical Energy Storage. ACS
Nano 2012, 6, 5531−5538.
(21) Liang, J.; Fan, Z.; Chen, S.; Ding, S.; Yang, G. Hierarchical
NiCo2O4 Nanosheets@ Halloysite Nanotubes with Ultrahigh
Capacitance and Long Cycle Stability as Electrochemical Pseudoca-
pacitor Materials. Chem. Mater. 2014, 26, 4354−4360.
(22) Zhang, L. L.; Zhao, X.; Stoller, M. D.; Zhu, Y.; Ji, H.; Murali, S.;
Wu, Y.; Perales, S.; Clevenger, B.; Ruoff, R. S. Highly Conductive and
Porous Activated Reduced Graphene Oxide Films for High-Power
Supercapacitors. Nano Lett. 2012, 12, 1806−1812.
(23) Frackowiak, E.; Metenier, K.; Bertagna, V.; Beguin, F.
Supercapacitor Electrodes from Multiwalled Carbon Nanotubes.
Appl. Phys. Lett. 2000, 77, 2421−2423.
(24) Ren, Y.; Ma, Z.; Bruce, P. G. Ordered Mesoporous Metal
Oxides: Synthesis and Applications. Chem. Soc. Rev. 2012, 41, 4909−
4927.
(25) Lu, X.; Ng, Y. H.; Zhao, C. Gold Nanoparticles Embedded
within Mesoporous Cobalt Oxide Enhance Electrochemical Oxygen
Evolution. ChemSusChem 2014, 7, 82−86.

(26) Xiao, C.; Lu, X.; Zhao, C. Unusual Synergistic Effects Upon
Incorporation of Fe and/or Ni Into Mesoporous Co3O4 for Enhanced
Oxygen Evolution. Chem. Commun. 2014, 50, 10122−10125.
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Supporting Information 

Synthesis of Highly Ordered Hierarchically Mesoporous MnCo2O4 

with Cubic Ia3d Symmetry for Electrochemical Energy Storage 

Changlong Xiao, Xinyi Zhang
*
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The redox reactions and theoretical capacity calculation for MnCo2O4: 

MnCo2O4 + OH
-
 + H2O ⇔ 2CoOOH + MnOOH + e

-
 Eq. (S1) 

CoOOH + OH
-
 ⇔ CoO2 +H2O + e

-
 Eq. (S2) 

MnOOH+ OH
-
 ⇔ MnO2 +H2O + e

-
 Eq. (S3) 

Calculation of theoretical capacity: 

Ccap = 
n ×  e

 Eq. (S4) 
M / N

A

, where Ccap is the theoretical capacity, n (4) is the transferred electrons during the 

electrochemical reaction, e (-1.602176565×10
−19

 C) is the electric charge of a electron,

M (~237 g/mol) is the molecular weight of MnCo2O4 and NA is the avogadro's constant 

(6.022140857×10
23

). Substituting the values in equation S4: Ccap = ~452 mAh g
-1

.
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Figure S1. (a)-(b)TEM images of mMnCo2O4 (500) and (c)-(d) TEM images 

of MnCo2O4 NPs. 
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 Figure S2. Small-angle X-ray scattering pattern of well-ordered mMnCo2O4 (400). 

Figure S3. Energy dispersive X-ray spectrum of mesoporous MnCo2O4 (400). The 

energy peak at 1.73 keV represents Si (~ 0.37 wt.%), which is residual from the silica 

template. 
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Figure S4. TEM images of (a) mesoporous Co3O4 and (b) mesoporous MnO2. 

Figure S5. (a) N2 adsorption-desorption isotherms and (b) pore size distribution

plots of mCo3O4 and mMnO2. 
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Figure S6. (a) CV curves of mMnCo2O4 (400) and Ni foam at the scan rate of 5mV/s,

(b) charge/discharge voltage profiles of mMnCo2O4 (400) and Ni foam at current

density of 1 A/g. 

Figure S7. (a) Discharge curves at first and fifth cycle with current density of 5 A/g. and (b) 

CV curves of curves of mMnCo2O4 (400) at scan rate of 10 mV/s showing action process.  
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Figure S8. (A) CV curves of mMnCo2O4 (400), mCo3O4 and mMnO2 at the scan rate 

of 5mV/s, (B) charge/discharge voltage profiles of mMnCo2O4 (400), mCo3O4 and 

mMnO2. 

Figure S9. CV and discharge curves at various current densities of mMnCo2O4 (400) 

electrode with 2 mg/cm
2
 materials loading.

The CV curves of mMnCo2O4 (400)/NF electrode with mass loading of 2 mg/cm
2
 also shows

two pairs of redox process associated with Co
3+

/ Co
4+

 and Mn
3+

/ Mn
4+

. No apparent

alternation of the shape can be observed indicating the high rate capability. Capacities of 82 

mAh g
-1

, 73 mAh g
-1

, 67 mAh g
-1

, 62 mAh g
-1

 and 57 mAh g
-1

 can be obtained at various
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current densities from 1 A/g up to 5 A/g. The decreased capacity compared to the mass 

loading of 1 mg/cm
2
 is mainly caused by the block of the original macropores of NF, which

hinder the transport of the ions into the inner layer of the active materials.  

 Figure S10. TEM image of mMnCo2O4 (400) after 1000 charge-discharge 

Table S1. BET surface area, BJH pore volume and average diameter of MnCo2O4 

samples.  

Sample SBET [m
2
/g] Vp [cm

3
/g] Dp 

[nm] 

mMnCo2O4 

(400 
o
C)

133 ± 0.72 0.420 9.7 

mMnCo2O4 

(500 
o
C)

133 ± 0.96 0.369 8.5 

MnCo2O4 

NP 

45.2± 0.35 0.125 --- 

mCo3O4 98.6 ± 1.9 0.17 4.7 

mMnO2 75.0 ± 0.53 0.28 12.7 
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Table S2 Comparison of specific capacitance of various capacitive materials [values have been 

calculated from the original papers from the equation below: Specific capacity (mAh g
-1

) =

Specific capacitance (F/g) × ∆V/3.6] 

Samples Capacities at 

(1A/g) 

Capacities at 

(5A/g) 

Electrolyte Mass 

loading 

Ref. 

mMnCo
2
O

4 

(400 
o

C) 

199     mAh g
-1

(1593 F/g) 

137 mAh g
-1

(1100 F/g) 

2 M KOH 1 mg/cm
2 This 

work 

mMnCo
2
O

4 

(500 
o

C) 

155     mAh g
-1

(1246 F/g) 

2 M KOH 1 mg/cm
2

This 

work 

MnCo
2
O

4 
NPs 16.1    mAh g

-1

(128.9 F/g) 

2 M KOH 1 mg/cm
2

This 

work 

Co
3
O

4
/CeO

2

hybrid nanowire 

130
a      

mAh g
-1

(1037 F/g) 

~ 123 mAh g
-1

(~980 F/g) 

2 M KOH 1 mg/cm
2

50 

Ni-Co-S 167     mAh g
-1

(1093 F/g) 

~ 152 mAh g
-1

(~1000 F/g) 

6 M KOH 1.7-2.6 

mg/cm
2

51 

Flake-like 

MnCo
2
O

4

1165   mAh g
-1

(1487 F/g) 

129 mAh g
-1

(1162 F/g) 

2 M KOH 1 mg/cm
2

52 

Urchin-like 

NiCo2S4 

175    mAh g
-1

(1149 F/g) 

61 mAh g
-1

(1056 F/g) 

6 M KOH 1.7-2.6 

mg/cm
2

53 

Hierarchical 

Co3O4 twin-

spheres 

76    mAh g
-1

(781 F/g) 

65
b 

mAh g
-1

(670 F/g) 

6 M KOH ---- 54 

a value obtained at 1A/g, b value obtained at 4 A/g. 
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Chapter 6 

Dual-MnCo2O4/Ni Electrode with Three-level Hierarchy for High-

performance Electrochemical Energy Storage 

6.1 Overview 

This chapter is a paper titled “Dual-MnCo2O4/Ni Electrode with Three-level Hierarchy for 

High-performance Electrochemical Energy Storage” that was published in Electrochimica 

Acta in 2018. 

  In pursuit of reliable energy storage technologies, high-performance supercapacitors need to 

be developed to replace batteries when high power density is required. Despite recent progress, 

a great challenge still remains in the development of cost-effective capacitive materials to 

achieve high capacitance and stability comparable to those of noble-metal based capacitors. 

Mesoporous oxide materials have shown great potential for electrochemical energy storage; 

however, the majority of reported mesoporous materials in capacitors are limited to a single 

level of structural hierarchy with pore sizes less than 10 nanometers, which hampers their 

capacitive performance.1 In this manuscript, we report a well-designed MnCo2O4/Ni electrode 

with multilevel hierarchy containing a mesoporous MnCo2O4 nanosheet layer and vertically 

aligned MnCo2O4 nanoflake layer on a macroporous Ni foam support (~ 500 µm). The dual-

MnCo2O4 layers are well connected with each other and grown directly on the Ni foam support. 

As a result, the obtained dual-MnCo2O4/Ni electrode delivers an excellent specific capacity up 

to 283 mAh g-1 and long-term performance stability over 2000 cycles.  

Reference 

1. C. Xiao, X. Zhang and D. R. MacFarlane, Electrochim. Acta 2018, 280, 55.
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a b s t r a c t

The design of micro/nanostructures with high porosity is very important to achieve reliable and high-
performance capacitive materials for electrochemical energy storage. The complexity of this strategy is
limited by the lack of a facile method to synthesize multi-hierarchical architectures with both high
electroactive surface area and fast ion diffusion ability. Here, we report a designed MnCo2O4/Ni electrode
with multilevel hierarchy containing mesoporous MnCo2O4 nanosheet layers and vertically aligned
MnCo2O4 nanoflake layers on a macroporous Ni foam support (~500 mm). The dual-MnCo2O4 layers are
well connected with each other and grown directly on the Ni foam support. As a result, the obtained
dual-MnCo2O4/Ni electrode delivers an excellent specific capacity up to 283mAh g�1 and long-term
performance stability over 2000 cycles.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The worldwide environmental issues surrounding CO2 emis-
sions and the rising demand for energy have triggered rapid
development in reliable and high-performance electrical energy
storage technologies. As portable and rechargeable electronic de-
vices, supercapacitors offer numerous advantages including high-
rate charge/discharge, long lifespan and high power density
[1e6]. Unlike battery behaviour, the charge/discharge phenomena
in a supercapacitor system is attributed to the ion transfer across
the liquid-solid interfaces between the electrode materials and
electrolyte [7e10]. However, the working mechanism of super-
capacitors leads to a lower energy density property, which restricts
their large-scale application in high power devices such as electric
vehicles. As a new type of electrochemical energy storage device,
battery-supercapacitor hybrid systems have attracted great
research interest, employing battery-type materials as the positive
electrode and nanostructured carbon materials as the negative
electrode [11e14]. This combined hybrid-type device can benefit
from both the high energy density of batteries and the high-power
for Electromaterials Science,

hang),
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density of supercapacitors. So far, many transition metal oxide/
hydroxides have been studied for this application owing to their
high capacities, low cost and environmental compatibility [15e19].
However, technological progress in terms of power density,
manufacturing cost and cycling performance is still elusive.

Controllable synthesis of electrode materials with well-
designed architecture has significant impact on achieving
outstanding performance in electrochemical energy storage
[20,21]. For example, flexible one-dimension (1D) NiO/Ni nano-
wires [22], ultrathin two-dimensional (2D) VOPO4 nanosheets [23]
and three-dimensional (3D) MnO2/NiO nanoflakes [24] have been
reported to exhibit excellent capacitance benefiting from their high
electroactive surface area. In this regard, core-shell structured,
multi-hierarchical and/or porous capacitive materials such as
Co3O4 nanowire@NiO nanosheet core-shell arrays [25] and hierar-
chical mesoporous ZnCo2O4 nanoparticles [26] were designed in
pursuit of maximization of the effective surface area. With their
high surface area, tuneable pore structure and high specific ca-
pacity, mesoporous MnCo2O4 nanostructures have been investi-
gated as electrode materials for batteries and supercapacitors.
Usually, insulating polymeric binder materials such as Nafion or
PVDF are used in the preparation of electrode, which significantly
deteriorate the charge transfer and energy storage capacity [11].

In this work, we have synthesized a freestanding and dual-
hierarchical MnCo2O4/Ni electrode (D-MnCo2O4/Ni) constructed
with 3D macroporous Ni foam, vertically aligned 2D MnCo2O4

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2018.05.112&domain=pdf
www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
https://doi.org/10.1016/j.electacta.2018.05.112
https://doi.org/10.1016/j.electacta.2018.05.112
https://doi.org/10.1016/j.electacta.2018.05.112


C. Xiao et al. / Electrochimica Acta 280 (2018) 55e6156
nanoflakes and mesoporous MnCo2O4 nanosheets. The porous Ni
foam acts as a robust support for high effective surface area, and
supplies reliable electrical connection to the outer superstructures.
The in-between vertically aligned MnCo2O4 nanoflakes form a
secondary macro porosity. The tertiary, very thin, MnCo2O4 nano-
sheets are embedded with numerous mesopores, which can also
provide channels for the transport of OH� ions to the interior active
sites. All of these three nanostructures are mutually connected,
forming a highly hierarchical porous system as a whole. Moreover,
integrated diffusion channels are also established from the bottom
macropores (~500 mm and 200 mm) up to the top mesopores
(~5 nm). The obtained D-MnCo2O4/Ni electrode shows a dramati-
cally increased capacity of up to 283mAh g�1 at 2mA cm�2

(1.67 A g�1) and excellent long-term cycling stability over 2000
cycles.

2. Experimental

2.1. Materials

Ni foam with a thickness of 1.6mm and a bulk density of
0.45 g cm�2 was used as the electrode support. Cobalt nitrate
hexahydrate (Co(NO3)2$5H2O, � 98%), Manganese nitrate tetrahy-
drate (Mn(NO3)2$4H2O,� 98%), potassium hydroxide (KOH,� 98%),
ammonium fluoride (NH4F, � 98%) and urea (CO(NH2)2, �98%)
were supplied by Sigma-Aldrich. All chemicals were used directly
without further purification.

2.2. Hydrothermal deposition of MnCo2O4 nanoflake on Ni foam

Ni foam was sonicated in HCl (0.5M) for 15min to remove the
NiO layer on the surface, rinsed with DI water and absolute ethanol,
then dried under a pure N2 flow at room temperature (25 �C). The
reaction solution containing 3.3mM Co(NO3)2, 1.67mM Mn(NO3)2,
10mM NH4F and 25mM CO(NH2)2 was sonicated for 15min to
ensure the homogeneity. Subsequently, 35mL of the resultant so-
lution was transferred to a 50mL Teflon-lined stainless-steel
autoclave. A piece of Ni foam with the top side covered with pol-
ytetrafluoroethylene tape was vertically soaked into the solution.
The autoclave was then sealed and placed in an oven at 120 �C for
5 h. After the hydrothermal synthesis, the autoclave was cooled
down to room temperature and the Ni foamwas rinsed with water
and absolute ethanol, and dried in air. Finally, the obtained sample
was calcinated at 350 �C in a furnace for 2 h.

2.3. Synthesis of core-shell structured D-MnCo2O4/Ni electrode

Another thin layer of MnCo2O4 nanosheets were electro-
deposited onto the as-obtained MnCo2O4/Ni foam. The electrode-
position process was carried out in a standard three-electrode
system, using MnCo2O4/Ni foam as the working electrode, Pt wires
and Ag/AgCl (saturated) as counter and reference electrodes,
respectively. The electrodeposition was conducted in an aqueous
solution containing 1.67mM Mn(NO3)2 and 3.3mM Co(NO3)3 un-
der a constant potential of �1.1 V vs. Ag/AgCl (saturated) for 5min.
Subsequently, the obtained Dual-hierarchy MnCo2O4/Ni foam (D-
MnCo2O4/Ni) electrode was rinsed with deionized water, dried in
air, and calcinated at 350 �C in a furnace for another 2 h.

2.4. Materials characterization

The scanning electron microscopic (SEM) images were per-
formed on JEOL 7001 SEM instrument at 3 kV and the transmission
electronmicroscopic (TEM) images were obtained from a FEI Tecnai
G2 T20 at 200 kV. X-ray diffraction patterns were conducted on
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Bruker D8 ADVANCE ECO powder X-ray instrument using Cu Ka
radiation (l¼ 0.15418 nm) in a 2q range from 20� to 80� with a
scanning step size of 0.01�. X-ray photoelectron (XPS) character-
izations were carried out on a Thermal ESCALA 250i X-ray Photo-
electron Spectrometer. All binding energies were calibrated to the C
1s peak (284.6 eV).

2.5. Electrochemical analysis

All electrochemical measurements were conducted on an EC-
Lab electrochemical workstation with a standard three-electrode
electrochemical cell, employing fabricated D-MnCo2O4/Ni elec-
trode as working electrode, Ag/AgCl (saturated) reference elec-
trode, and a Pt wire counter electrode. The cyclic voltammetry (CV)
was conducted with a voltage window of 0e0.5 V (vs. Ag/AgCl) at
various scan rates from 5 to 20mV s�1, while the galvanostatic
charge/discharge experiments were performed within a potential
window (0e0.45 V vs. Ag/AgCl) under different current densities (2,
5, 10 and 20mA cm�2). Electrochemical impedance spectra (EIS)
were obtained in a frequency range from 100 kHz to 0.01 kHz at the
open circuit potential. The specific capacity was calculated based on
equation (1):

C ¼ Q=M ¼ IDt=M (1)

where C (mAh g�1) is the specific capacity, Q is the quantity of
charge, I (mA) is the applied constant discharge current, Dt (h) is
the discharge time, and M (g) is the total mass of the capacitive
materials.

3. Results and discussion

Fig. 1A shows the morphology and structure properties of the
hydrothermally deposited freestanding MnCo2O4 composites on Ni
foam. The basic building block is vertically aligned 2-dimensional
(2D) nanoflakes (NFs) with lengths of 1e3 mm. Each of these NFs are
interconnected with adjacent units forming large amounts of sec-
ondary macroscopic channels (2e3 mm). These newly formed sec-
ondary macropores (2e3 mm) are well linked with the macropores
(500 mm) of the Ni foam, creating easily accessible open spaces for
fast transport of OH� ions. According to our previous study, the
obtained MnCo2O4 NFs can also act as excellent platform for the
loading of a tertiary layer of active materials, thereby increasing the
actual surface area [27]. Herein, another thin layer of MnCo2O4
nanosheets (NSs) were deposited on the as-obtained MnCo2O4 NFs
through a facile electrodeposition method followed by calcination
treatment. As shown in Fig. 1B, the MnCo2O4 NSs are very thin and
strongly combined with the MnCo2O4 NFs, forming a core-shell
structured dual-hierarchy MnCo2O4/Ni foam (D-MnCo2O4/Ni)
electrode with greatly increased surface area. From a closer
observation, the original smooth surface of the MnCo2O4 NFs has
adopted a crumpled appearance, while retaining the macro-
channels separated by the MnCo2O4 nanoflake-network (Fig. 1C).
Furthermore, the elemental distribution was analysed by energy
dispersive X-ray spectroscopy (EDX, Fig. 1D), confirming the ho-
mogeneity of both Mn and Co in the deposited MnCo2O4

composites.
The nanostructure of the as-obtained D-MnCo2O4 was further

characterized by TEM images. Fig. 2A shows a single D-MnCo2O4
unit with crumpled surface, revealing that a thin layer of MnCo2O4

NS was uniformly grown onto the MnCo2O4 NF. From the high-
resolution TEM (HRTEM) image in Fig. 2B, nanocavities and meso-
pores with average diameter around 5 nm are densely embedded
throughout the MnCo2O4 NSs, forming a tertiary porosity archi-
tecture. These mesopore walls are composed of crystalline



Fig. 1. SEM images of MnCo2O4 NFs (A), dual-hierarchy MnCo2O4 (BeC) and corresponding elemental mapping images (DeF).
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MnCo2O4 nanoparticles as verified by the selected area electron
diffraction (SAED) pattern, inwhich several cricoid diffraction spots
can be observed corresponding well to the (111), (220), (311), (400)
and (420) crystal phases of cubic spinel MnCo2O4 (Fig. 2D) [28].
Moreover, distinct sets of lattice fringes with inter-planar spacing of
0.25 nm and 0.42 nm can be detected in the HTEM image in Fig. 2C,
which are in good agreement with the (311) and (200) orientation
phases of the cubic MnCo2O4 structure.

The phase evolution of the D-MnCo2O4 were further verified by
the X-ray diffraction (XRD) patterns shown in Fig. 3A. A series of
Bragg reflections can be detected at 2q¼ 30.8�, 36.2�, 37.6�, 43.8�,
58.5� and 63.9�, which matches well with (220), (311), (222), (400),
(511) and (440) phase orientations of face-centered-cubic MnCo2O4
(space group Fd-3m (227), JCPDS No. 32-0297). These results are
consistent with the observation obtained from SAED pattern, con-
firming the high crystallinity for both the MnCo2O4 core-nanoflake
and the MnCo2O4 shell-nanosheet. The survey XPS spectrum in
Fig. 3B reveals the presence of Co, Mn and O elements in the as-
obtained D-MnCo2O4 composites. Besides, an atomic Mn/Co ratio
of approximately 1:2 was determined by the XPS measurement,
which matches well with the empirical formula. In the high-
resolution Mn 2p spectrum (Fig. 3C), the Mn atoms in 2P3/2 and
2P1/2 electronic configurations appear at 642.9 and 654.1 eV,
respectively. The high-resolution Co 2p spectrum (Fig. 3D) shows
the Co atoms in 2P3/2 and 2P1/2 electronic configurations locate at
779.9 and 795.3 eV, respectively. The XPS analysis further
confirmed the formation of cubic MnCo2O4.

The electrochemical behaviours were evaluated in 2M KOH
solution in a standard three-electrode electrochemical cell,
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employing D-MnCo2O4/Ni as working electrode, a Ag/AgCl (satu-
rated) reference electrode and Pt wire counter electrode. For
comparison purposes, single layered MnCo2O4 (S-MnCo2O4/Ni),
MnO2 (S-MnO2/Ni) and Co3O4 (S-Co3O4/Ni) electrodes were also
prepared and evaluated. It can be seen that both the hydrother-
mally deposited MnO2 and Co3O4 exhibit similar, roughly vertically
aligned nanoflakes to the binary MnCo2O4 NFs (Fig. S1). As dis-
played in Fig. S2A, the obtained CV curve from binary S-MnCo2O4/
Ni electrode has the largest enclosed area, indicating its higher
capacity than pristine S-Co3O4/Ni and S-MnO2/Ni electrodes.
Furthermore, galvanostatic charge/discharge measurement was
carried out to quantify the charge storage capability within the
potential window between 0 and 0.45 V vs. Ag/AgCl (saturated) as
shown in Fig. S2B. Noticeably, all samples exhibit plateau regions
during the charge/discharge process, which is consistent with their
individual CV behaviours. Specific capacities were calculated based
on the discharge time between 0.45 V and 0.2 V at the current
density of 2mA cm�2 according to equation (1). The S-MnCo2O4/Ni
electrode exhibits higher capacity (229mAh g�1) than those of
MnO2 (115mAh g�1) and Co3O4 (164mAh g�1). This result is
consistent with our previous study and reveals the existence of
synergistic effects between Co andMn ions, which can enhance the
charge storage capability [11]. Furthermore, electrochemical
impedance spectroscopy (EIS) was employed to investigate the
frequency response of pristine MnO2 and binary MnCo2O4 in open
circuit conditions. Typically, the semicircle in the high frequency
region represents the internal charge transfer resistance (Rct) and
the straight slope in the low-frequency region indicates the ion
diffusion resistance on the electrode/electrolyte interfaces. The



Fig. 2. (AeC) TEM and HRTEM images of D-MnCo2O4/Ni electrode and (D) corresponding SAED pattern.

Fig. 3. (A) XRD patterns of MnCo2O4 NFs (black) and D-MnCo2O4 composites (red), (B) XPS survey spectrum of D-MnCo2O4 composites and (CeD) high resolution XPS spectra of Mn
2p and Co 2p. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Nyquist plots displayed in Fig. S2D reveals that the binary MnCo2O4
exhibits a smaller semicircle and higher slope than pristine MnO2,
suggesting its small internal resistance and fast ion diffusion
process.

Fig. 4A compares the charge/discharge behaviours of the D-
MnCo2O4/Ni electrode with the S-MnCo2O4/Ni electrode at a con-
stant discharge current density of 2mA cm�2. The D-MnCo2O4/Ni
electrode shows much higher capacity of 283mAh g�2 than that of
the S-MnCo2O4/Ni electrode (229mAh g�1). This reveals the design
of dual-hierarchy of MnCo2O4 can dramatically increase the effec-
tive surface area rather than simply increase the material loading.
This can be verified by the higher roughness factor (837mF) of D-
MnCo2O4/Ni electrode, which is over 15 times higher than that of S-
MnCo2O4/Ni electrode (52.9mF), as shown in Fig. S3. Fig. 4B depicts
the CV cures of the D-MnCo2O4/Ni electrode at various scan rates
Fig. 4. (A) Galvanostatic charge/discharge curves of MnCo2O4/Ni and D-MnCo2O4/Ni electro
densities of D-MnCo2O4/Ni electrode and (D) corresponding specific capacities and (E) cycl
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from 5 to 20mV s�1. Although a slight shift in the peak position can
be observed, the shapes of all CV curves basically remained un-
changed, indicating its high electrochemical reversibility and
excellent rate capability. In addition, the galvanostatic charge/
discharge curves of the D-MnCo2O4/Ni electrode recorded at three
different current densities of 2mA cm�2 (1.7 A g�1), 5mA cm�2

(4.2 A g�1) and 10mA cm�2 (8.3 A g�1), reveal high capacities of
283, 256 and 194mAh g�1, corresponding to capacitance of 2265,
2050 and 1550 F/g, respectively (Fig. 4C and D). As a result, around
70% capacity can be retained when the discharge current increases
from 2 up to 10mA cm�2. These results are comparable to, or even
better than, previous reported high-performance supercapacitor
materials (Table S1) [29e35].

Collectively, the high charge storage performance and long cycle
stability can be ascribed to the following several advances achieved
des, (B) CV curves at various scan rates, (C) charge/discharge curves at various current
ing performance at a current density of 40mA cm�2 over 2000 cycles.
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in the D-MnCo2O4/Ni electrode: i) the highly porous and conductive
Ni foam is an excellent electrode support for electron collection and
building of a hierarchical architecture. ii) MnO2 is considered to be
an excellent pseudocapacitive electrode material. With incorpora-
tion of Co ions, the binary MnCo2O4 shows synergistic effects be-
tween Mn and Co ions resulting in prominent electrochemical
activity and capacitive behaviour. Meanwhile, the MnCo2O4 also
shows increased conductivity compared to pristine MnO2, which
facilitates fast charge transfer to the surface-active sites. iii) the
unique design of multi-level hierarchical electrode architecture.
Two levels of macroporous channels generated from the Ni foam
and the MnCo2O4 nanoflakes allow fast OH� ions transport
resulting in fast electrode responses. The mesoporous MnCo2O4
shell-nanosheets can further increase the electrode surface area.
Significantly, these mesochannels can enhance the electrochemical
accessibility, thereby allowing the diffusion of OH� into the interior
layers. In addition, all three levels of hierarchy are tightly connected
with each other and this freestanding D-MnCo2O4/Ni electrode also
exhibits excellent long cycle stability at high current density of
40mA cm�2. As shown in the GCD curves, around 85% of the ca-
pacity is retained after continuous cycling for 2000 cycles (Fig. 4E),
indicating its good cycling stability.

4. Conclusions

In conclusion, we have demonstrated a freestanding multi-level
hierarchical D-MnCo2O4/Ni electrode through a facile hydrother-
mal and electrodeposition approach. The obtained D-MnCo2O4/Ni
electrode contains three levels of hierarchy including macroporous
Ni foam scaffold, macroporous MnCo2O4 nanoflakes and meso-
porous MnCo2O4 nanosheets. All these nanostructures are inter-
connected forming a continues transport channel from the bottom
Ni foam up to the exterior Mn3þ/Co3þ active sites. As a result, the D-
MnCo2O4/Ni electrode exhibits excellent charge storage capability
(283mAh g�1 at 2mA cm�2) and over 2000 cycles stability. We
believe this highly porous and hierarchical electrode design can be
extended for a wide variety of materials for electrocatalysis and
energy storage.
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Figure S1. SEM images of hydrothermally (A) Co3O4 and (B) MnO2 on nickel foams. 
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Figure S2.  (A) CV curves at scan rate of 10 mV s-1, (B) galvanostatic charge/discharge curves 

and (C) corresponding specific capacities of MnCo2O4, MnO2 and Co3O4 nanoflakes and (D) 

Nyquist plots of MnCo2O4 and MnO2.  



Figure S3. CV curves measured at various scan rates (2 to 10 mV/s) and corresponding current 

densities plotted versus scan rates of MnCo2O4/Ni foam and D-MnCo2O4/Ni foam.  

Table S1. Comparison of specific capacities (and specific capacitance) of D-MnCo2O4/Ni 

electrode with previous reported high-performance capacitive electrode materials. [Values 

have been calculated from the original papers based the equation below: Specific capacity 

(mAh g-1) = Specific capacitance (F/g)  ∆V/3.6] 

Materials Capacities 

1 A g-1

Capacities 

5 A g-1 

Electrolyte Mass loading 

(mg cm-2) 

Ref. 

D-MnCo2O4/Ni 283 mAh g-1

(2265 F g-1) 

256 mAh g-1

(2050 F g-1) 
2 M KOH 1.2 ± 0.15 This 

work 

S-MnCo2O4/Ni 229 mAh g-1

(1830 F g-1) 

      --- 2 M KOH 1.0 0.10 This 

work 

mMnCo2O4 199 mAh g-1

(1593 F g-1) 

137 mAh g-1

(1100 F g-1) 
2 M KOH 1.0 10 

Amorphous 

Co3(PO4)2 

a130 mAh g-1 

(1174 F g-1) 

105 mAh g-1 

(944 F g-1) 
3 M KOH 0.864 31 

NiIr(10%) b 228 mAh g-1 

(1643 F g-1) 

c 208 mAh g-1 

(1497 F g-1) 
1 M KOH 32 
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Multishelled 

Ni-Co 

a 239 mAh g-1 

(1908 F g-1) 

213 mAh g-1 

(1707 F g-1) 
6 M KOH 1.52 29 

Ni-Co-S 167 mAh g-1

(1093 F g-1) 

~152 mAh g-1 

(~1000 F g-1) 
6 M KOH 1.7-2.6 33 

Flake-like 

MnCo2O4 

1165 mAh g-1

(1487 F g-1) 

129 mAh g-1

(1162 F g-1) 
2 M KOH 1.0 34 

Co3O4/CeO2 ~130 mAh g-1

(1037 F g-1) 
~123 mAh g-1

(980 F g-1) 

2 M KOH 1.0 30 

Amorphous 

Ni(OH)2

303 mAh g-1 

(2188 F g-1) 
232 mAh g-1 

(1667 F g-1) 
1 M KOH 0.1 µg 35 

a value obtained at 2 A g-1, b value obtained at 1.9 A g-1 value obtained at 3.8 A g-1. 
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Chapter 7 

Conclusions and future work 

7.1 Conclusions 

Solar energy is the most important renewable energy resource due to its massive scope. The 

application of solar energy in practical devices rests on the conversion of the energy from 

sunlight into electricity (solar electricity) and energy-rich molecules (solar fuel) via photo- 

and electrocatalytic processes which suffer from sluggish kinetics. To this end, highly active 

catalysts are required to improve the energy conversion efficiency. The scope of this thesis 

involves the synthesis of hierarchical and/or nanoporous materials and their applications in 

hydrogen production, ammonia synthesis and electrochemical energy storage. 

The intense interest in nickel-iron LDH for electrolytic water splitting within the literature 

has been summarised in chapter 2. A key issue is its poor electrical conductivity for fast 

charge transfer.1 To address this, a material comprising nickel-iron alloy nanosheets wrapped 

in nickel-iron LDH was studied in chapter 2. By taking advantage of the high conductivity of 

nickel-iron alloys, the core-shell structured nickel-iron alloy/nickel-ion LDH exhibit 

excellent performance in whole cell water splitting.  

The electrooxidation of urea has been studied much less than the OER, and its reaction 

mechanism remains unclear. However, the UOR is a more efficient anodic reaction than the 

OER in terms of its low half-reaction potential (0.37 V vs. RHE).2 In chapter 3, a quadruple 

hierarchical electrode was functionalized with an ultrathin MnO2 nanosheets, and examined 

as a bifunctional electrode in urea-containing alkaline media. Benefiting from the advanced 

electrode structure and high catalytic selectivity, the fabricated MnO2/MnCo2O4/Ni electrode 

exhibits outstanding performance in whole cell urea electrolysis.  
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In addition to hydrogen fuel, ammonia is also an important hydrogen-storage medium, and 

the relevant nitrogen cycle is another important energy-related cycle. Nitrogen accounts for 

almost 78% of the atmosphere composition, while the challenge in utilization of nitrogen is 

the requirement to break its strong covalent bond. In chapter 4, gold-nanoparticle modified 

bismutite hybrid (Au/BSC) was fabricated and investigated for nitrogen reduction under 

ambient conditions. The fabricated Au/BSC shows enhanced light adsorption attributed to the 

plasmon effect, which improves photoinduced charge separation and transport.  

Controllable synthesis of materials with high surface area and delicate architecture is 

crucial in achieving high-performance electromaterials. Furthermore, synergistic effects 

between each component and the hierarchy of the electrode material are also significant 

aspects to be considered. Binary Mn-Co oxide has been verified as a redox-active material in 

previous studies.3 In this research, a hard-template method and a chemical bath deposition 

method have been investigated to fabricate MnCo2O4 with a hierarchically mesoporous 

structure (chapter 5) and a dual-level hierarchy (chapter 6), respectively. The well-designed 

electrode structures show significant enhancement in electrochemical energy storage.  

7.2 Suggested future work 

Iron is one of the most earth-abundant metals, and iron-based composites such as iron 

oxide/hydroxide, iron phosphite, and iron sulfite have been intensively studied in energy 

conversion and storage.4 Therefore, several prospects for well-designed iron oxides and iron 

phosphite are: 

1| Electrolytic water splitting for hydrogen production has been extensively studied. 

Nevertheless, conventional commercial water electrolysis is conducted in strongly alkaline 

media, which can cause serious corrosion and environmental pollution. In addition, 70% of 

the earth is covered by sea water with pH around 8–8.5. Therefore, the development of 

catalysts for hydrogen generation in nearly neutral media has already attracted significant 
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research interest. In this project, a porous flower-like FeP was fabricated (Figure 7.1 c), and 

shown to be a promising catalyst for HER in a neutral electrolyser.  

Figure 7.1 SEM images of nanoporous (a) Fe2O3, (b) Fe3O4 and (c) FeP. 

2| The Ni-Fe battery is a traditional aqueous battery, which has been studied for over a 

hundred years. Owing to its low cost and high capacity, many efforts have been made to 

develop functionalized FeOx anode materials. In this research, nanostructured Fe3O4 (Figure 

7.1 a and b) has been synthesized through a chemical bath deposition method. Further 

research on optimizing the synthetic conditions and assembling batteries should be explored.  
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