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ABSTRACT 

 

Hydrogen is a green energy carrier, producing only water when combusted, and a 

hydrogen economy has been considered the ideal green economy for human society. Water 

electrolysis can produce high-purity hydrogen on a large scale, and if the electricity used in 

water electrolysis is obtained from renewable energy, a sustainable energy chain can be 

achieved. 

Fuel cell technology offers a highly efficient way of converting chemical energy from 

a fuel into electricity through an electrochemical reaction. Fuel cells are expected to be one of 

the mainstream energy conversion devices for many applications such as the transportation 

and portable electronic systems. Hydrogen fuel cell technology is, of course, the ideal choice. 

However, the hydrogen storage is still a big challenge due to its gaseous nature, extremely low 

boiling point, and high inflammability. While advanced hydrogen storage technology is under 

development, fuel cells using liquid fuels (e.g. hydrazine) need to be developed. 

The key to both water electrolysis and fuel cells is the electrocatalyst. Currently, the 

noble metal based materials are still the state-of-the-art electrocatalysts for water electrolysis 

and in fuel cells in terms of catalytic activity and catalyst durability. However, their scarcity 

and high price hinder their widespread commercial use. Therefore, it is imperative to develop 



 

iv 
 

earth-abundant, low-cost electrocatalyst materials that have high catalytic activity comparable 

to or even better than the noble metal based electrocatalysts. Nowadays, the research emphasis 

of earth-abundant electrocatalysts is thus primarily placed on enhancing the catalytic activity 

or lowering the overpotential that is needed to drive the electrochemical reactions. The 

catalytic performance of an electrocatalyst is associated with its surface area, near-surface 

structure, electronic structure, conductivity, crystal size, etc. Rational structural modification 

of the electrocatalyst materials and/or architectural design of the catalyst electrodes can help 

enlarge the surface area, increase the active sites, tune the electronic structure and conductivity, 

and so on. In this dissertation, a series of strategies (e.g. hydrogenation, solvothermal 

reduction, and electrochemical tuning) have been developed to fabricate structure-tuned 

electrocatalyst materials for electrochemical water splitting and electro-oxidation of hydrazine. 

Well-defined Co/Co3O4 and Co/CoO core-shell heterostructures have been found to be highly 

active towards hydrogen evolution reaction (HER) and hydrazine oxidation, respectively. 

FeNi3/NiFeOx nanohybrids have been thoroughly characterized for HER and oxygen evolution 

reaction (OER). Nano-on-micro Cu has been explored as a highly efficient catalyst towards 

electro-oxidation of hydrazine. Cobalt hydroxide carbonate with rich grain boundaries has 

been shown to be a highly efficient non-metallic electrocatalyst towards hydrazine oxidation.  
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CHAPTER 1 

INTRODUCTION 

1.1 Purpose and Scope 

This dissertation presents the most important work of my research at the University of 

Missouri-Kansas City, and covers two important topics of green and sustainable technologies. 

First, water electrolysis and second, fuel cells that could potentially enable sustainable 

development of human civilization. Specifically, this dissertation centralizes on the design and 

synthesis of novel low-cost, earth-abundant electrocatalysts for water electrolysis and direct 

hydrazine fuel cells (DHFCs). Electrocatalyst system is the key component and determines the 

efficiency, lifetime and overall cost of both electrolyzers and fuel cells [1−5]. Therefore, 

developing cost-effective and earth-abundant electrocatalyst materials is of high importance 

and in fact the research focus in a number of research communities. 

In chapter 1, purpose and scope are briefly stated at the beginning, followed by a 

general introduction of the “hydrogen economy” and fuel cell technology from their histories 

to current developments. In addition, the importance of hydrogen economy and fuel cell 

technology is highlighted in terms of their profound impact on the human civilization. Finally, 

the research objectives are outlined. 

Chapters 2 and 3 are the main body of this dissertation, presenting the research details 

and important results. Chapter 2 focuses on the design and synthesis of first-row transition 

metal/metal oxide heterostructure electrocatalysts for water electrolysis. A comprehensive 

introduction to water splitting opens Chapter 2. Novel crystalline-amorphous Co@Co3O4 core-

shell heterostructures as electrocatalysts for hydrogen evolution reaction (HER) is then 

discussed in detail. Finally, a bifunctional electrocatalyst of FeNi3/NiFeOx heterostructure is 
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demonstrated for overall water splitting (hydrogen evolution and oxygen evolution). Chapter 

3 describes the structure-engineered first-row transition metal derived electrocatalysts for 

DHFCs. Chapter 3 begins with an introduction to DHFCs. Next, it relates the crystalline-

amorphous Co@CoO core-shell heterostructures as electrocatalysts for hydrazine oxidation. 

Finally, it describes the electrochemically tuned cobalt hydroxide carbonate with abundant 

grain boundaries as electrocatalysts for hydrazine oxidation. 

Chapter 4 ends the dissertation with a summary of the highlights of this research. 

 

1.2 Hydrogen Economy 

The global energy economy is intensively reliant on fossil fuels—coal, oil, and natural 

gas—which are the primary energy sources for industry, transport, heat, and electricity 

generation (Figure 1) [6]. Fossil fuels currently account for more than 80% of the global 

primary energy demand, and will continue to dominate energy consumption patterns and likely 

gain even more energy market share in the near future [7,8]. However, fossil fuels have limited 

reserves globally, and may be depleted within 300 years even considering an optimistic outlook 

[6,8−11]. On the other hand, heavy reliance of human civilization on fossil fuels has been 

contributing to the fast increase of CO2 concentration in Earth's atmosphere and consequently 

the global climate warming [11−14]. Since the Industrial Revolution, the concentration of CO2 

in Earth's atmosphere has increased from about 280 to currently about 400 parts per million by 

volume (ppm) [12]. The continuous rise of CO2 concentration in Earth's atmosphere will soon 

hit the proposed limit of 550 ppm that is considered the maximum CO2 concentration to 

maintain the earth at a sustainable level [12]. Burning of fossil fuels not only produces large 

quantities of CO2, but also generates toxic gases such as NOx and SO2, severely detrimental to 
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the environment and human health. On the other hand, the shortage of fossil fuels may result 

in a series of consequences, such as intercontinental wars and economic depressions. 

Therefore, it is urgent to develop alternative fuels to power our economy and civilization in a 

sustainable manner. 

 

 

Figure 1. Current energy scenario: fossil fuels account for more than 80% of global primary 

energy demand [6]. Reprinted with permission from Ref 6. Copyright 2011 John Wiley & 

Sons, Ltd. 

 

1.2.1 Why Hydrogen? 

There is a broad and strong consensus in the global scientific and political communities 

that human beings must shift from utilization of fossil fuels to renewable and green energy 

sources. Various types of renewable energy sources such as hydropower, wind power, solar 
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energy, geothermal energy and bioenergy have been exploited. Among them, solar energy is 

ubiquitous. The Sun provides Earth with as much energy every hour as human civilization uses 

every year [15]. If the tiniest fraction of that sunlight were to be captured and converted into 

electricity by photovoltaic cells [15], there may be no need to have any power plant and limited 

greenhouse gas would be emitted into Earth’s atmosphere throughout the energy chain. 

 

 

Figure 2. The 2015 share of world oil consumption by sector. The original data is from Ref 

16. 

 

Road transportation consumes over 50% of the total oil consumption in 2015 (Figure 

2) [16]. If the internal combustion engines can be replaced, the global CO2 emissions will be 

reduced by half [16]. Although electric vehicles have been commercialized, the small mileage 

range of the electric vehicles caused by the limited energy density of the batteries cannot meet 

the long-term development of vehicles. Alternatively, fuel cells based on hydrogen or 

hydrogen-rich fuels could be an ideal technology to replace the batteries and power the vehicles 

in the future [17,18]. 
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Hydrogen is a green energy carrier that only produces water when combusted. The 

amount of energy produced during hydrogen combustion is higher than that released by any 

other fuel on a mass basis [17]. Hydrogen can be produced from diverse renewable resources 

(e.g. hydro, wind, solar, biomass, and geothermal) [18]. As electricity converted from 

renewable energy, especially from solar energy, will play a more and more important key role 

in powering this world and helping produce other types of energy carriers, electrolysis will be 

vital to hydrogen production. Apart from electrolysis, photocatalysis offers another option to 

the production of renewable fuels. However, the photocatalysis technology is still in its 

infancy, and tremendous work needs to be done before its practical application. As an example, 

Figure 3 schematically shows a sustainable hydrogen chain in a road transportation system. 

Electricity from photovoltaic cells or direct water splitting by artificial photosynthesis sustains 

such an intriguing hydrogen chain. 

 

 

Figure 3. Schematic of a sustainable hydrogen cycle of road transportation. 
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1.3 Fuel Cell Technology 

1.3.1 History and Basics of Fuel Cells 

The first fuel cell was conceived by Sir William Grove in the middle of the 19th century 

[19]. Later, the term “fuel cell” was coined by other scientists. At the beginning, the 

development of fuel cell technology was slow. It took more than 120 years to develop fuel 

cells into deployable energy systems. The first commercial application of fuel cell technology 

was achieved in space programs from 1960 to 1965 [19]. The emergence of increasing 

environmental concerns among governments, businesses and individuals promoted the 

development and applications of fuel cells in vehicles in the 1970s. From then on, many 

governments and companies have been heavily investing in fuel cells. In the 1990s, substantial 

commercial advances were made for large stationary applications, and governmental clean 

transport policies promoted the development of fuel cell technology in automobile 

applications. In the first decade of the 21st century, more attention has been paid to the fuel cell 

technology because of the environmental pollution and climate change, and fuel cell 

technology is becoming more and more mature. In 2008, Honda launched the FCX Clarity fuel 

cell electric vehicle. Many other auto companies have released their prototype fuel cell vehicles 

to date. In 2009, Japan started the large-scale installation of fuel cell micro combined heat and 

power (micro-CHP) systems. The fuel cell industry continues to face challenges with regards 

to cost, safety, materials durability. However, success in wide applications of fuel cells as main 

power supply systems will come through continuous effort and struggle. 

According to the type of electrolyte the fuel cells use, they are generally classified as 

alkaline fuel cells, proton exchange membrane fuel cells (PEMFCs), direct methanol fuel cells 

(DMFCs), phosphoric acid fuel cells, molten carbonate fuel cells, and solid oxide fuel cells 
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[19]. Many other types of fuel cells such as DHFCs and direct borohydride fuel cells have been 

explored [20−22]. 

 

 

Figure 4. Schematic of the configuration of a proton exchange membrane fuel cell. 

 

Fuel cells are electrochemical cells or Galvanic cells that can convert chemical energy 

into electricity, overcome the efficiency limitations of the combustion engines, and eliminate 

the exhaust emissions of pollutants if green fuels (e.g. hydrogen) are used [23,24]. Every fuel 

cell must have three important components: electrolyte, anode, and cathode. Redox reactions 

occur with the assistance of catalysts attached on the anode and cathode electrodes, converting 

chemical energy to electricity. In the case of PEMFCs, as shown schematically in Figure 4, 

with Pt as the catalysts for both anode and cathode, hydrogen oxidation occurs at the anode (Pt 

+ H2 → 2Pt-Hads; Pt-Hads → H+ + e− + Pt), and oxygen reduction at the cathode (O2 + 4H+ + 

4e− → 2H2O) [19]. Overall, the cell reaction is simply the combustion of hydrogen: 2H2 + O2 
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→ 2H2O. The hydrogen oxidation and oxygen reduction reactions are called half-cell reactions. 

The cell potential is the difference of the equilibrium potentials of the two half-cell reactions. 

 

1.3.2 Why Fuel Cells? 

 

 

Figure 5. Simplified Ragone plot of the energy storage domains for the various 

electrochemical energy conversion systems compared to internal combustion engines and 

turbines and conventional capacitors [25]. Reprinted with permission from Ref 25. Copyright 

2004 American Chemical Society. 

 

The urgency of reducing global anthropogenic CO2 emissions, improving air quality, 

and securing energy supply drives the development of sustainable energy storage and/or 

conversion systems such as supercapacitors, lithium-ion batteries, and fuel cells [25−27]. 

Limited energy storage of supercapacitors and lithium-ion batteries stimulates us to explore 

high-energy-density systems. Fuel cell technology is one of the options. As shown in Figure 

5, fuel cells can possess much higher specific energy than supercapacitors and lithium-ion 
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batteries. The specific energy of fuel cells is tunable with the tank volume, and the tank can be 

refilled easily and quickly. Importantly, fuel cells can avoid green gas emissions and other 

harmful gases if hydrogen and other carbon-free compounds are used as the fuels. In addition, 

fuel cells have high efficiency (up to 85% if heat generated in fuel cells can be used) that is 

close to more than twice that of the internal combustion engines used for most of the vehicles 

at present [18]. 

 

1.4 First-Row Transition Metal Derived Electrocatalyst Materials 

In recent years, wide economic usage of renewable energy has been a global consensus, 

lessening our reliance on fossil fuels and ultimately transitioning to only green sources of 

energy. Electrocatalysis, including water splitting and fuel cells, play a key role in advancing 

the transition. Noble metals and their alloys are the versatile and state-of-the-art catalysts for 

water splitting and fuel cells. However, the scarcity and high cost of noble metals hinders their 

wide application. This gives an impetus to the development of earth-abundant electrocatalyst 

materials. Among them, first-row transition metal elements (mainly Mn, Fe, Co, Ni and Cu) 

have attracted much attention owing to their high abundance in Earth's Crust, easy availability, 

low cost and decent catalytic activity [1,20,27−30]. 

Various strategies have been explored to enhance the catalytic performance of these 

first-row transition metal based electrocatalysts. Particle size and shape have considerable 

effect on the physicochemical properties of solid materials as their surface area is highly 

correlated to particle size and shape. Higher surface area is believed to bear more exposed 

active sites for electrocatalysis. Empirically, the smaller the particle size, the higher the surface 

area. Different shapes indicate differences in surface facets, and different facets may have 
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slightly differentiating catalytic properties. Tuning the surface facets is thus one of the research 

directions that can find high-performance electrocatalysts. Advancement of nanotechnology 

has greatly benefited the development of high-activity earth-abundant electrocatalysts [31,32]. 

Extensive and intensive studies have carried out on first-row transition metal based 

electrocatalysts of controlled size and morphology. Architectural design based on 

nanostructured building blocks offers an efficient way to further enhance the accessible surface 

area and thus improve the catalytic activity [33,34]. 

Chemical modification by incorporating foreign elements into the first-row transition 

metal-based materials of interest can effectively engineer their electronic and electrical 

properties, and thus their catalytic performances can be improved by appropriate chemical 

modification [35,36]. In addition to chemical modification, structural modification by inducing 

changes in atomic arrangement can also modify the physicochemical properties of solid 

materials to improve their catalytic activity. There are many ways to engineer atomic 

arrangements; most obvious among them is controlling the polymorphism. Different 

polymorphs have varying atomic arrangements and catalytic properties. Another way is to 

control the crystallinity of the materials. Note that controlling the crystallinity usually will 

inevitably result in defects. In some cases, defects considerably contribute to the improvement 

of the catalytic activity. Recently, amorphous and defect-rich materials have been attracting 

much attention owing to their high intrinsic activity [37,38]. Grain boundary control offers 

another strategy to tune the local atomic arrangement. Grain boundaries often bear more 

defects and strain compared to the bulk, therefore potentially possessing numerous active sites 

for electrocatalysis [39,40]. Composite electrocatalyst materials have been of high interest 

because of the collective effect between individual components in the composites. Among 
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them, metal/metal oxide composites have been attracting much attention owing to their 

outstanding catalytic performance [41−48]. 

 

1.5 Research Objectives 

Despite the great progress over the past decade, it is still a big challenge to design and 

fabricate earth-abundant electrocatalysts with high intrinsic activity and robust durability. 

Developing novel electrocatalysts of low cost and high activity and stability is thus still the 

priority. First-row transition metals have high abundance in Earth's upper continental crust and 

are inexpensive and widely available across the globe. More importantly, many of the first-

row transition metal based materials have demonstrated high catalytic activity comparable to 

the state-of-the-art electrocatalysts. The research objectives of this dissertation are to develop 

novel electrocatalysts based on first-row transition metals (Fe, Co, Ni and Cu) with engineered 

structures by virtue of various methods, to study their structural features, and to evaluate their 

electrochemical properties as electrocatalysts for water electrolysis and hydrazine oxidation in 

a three-electrode system in alkaline media.  
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CHAPTER 2 

STRUCTURE-ENGINEERED FIRST-ROW TRANSITION METAL DERIVATIVES AS 

ELECTROCATALYSTS FOR WATER ELECTROLYSIS 

(The main content of this chapter was published in Nano Letters, 2015, 15, 6015−6021 

entitled “Three-dimensional crystalline/amorphous Co/Co3O4 core/shell nanosheets as 

efficient electrocatalysts for the hydrogen evolution reaction”, and in Advanced Materials 

Interfaces, 2016, 3, 1600368 entitled “FeNi3/NiFeOx nanohybrids as highly efficient 

bifunctional electrocatalysts for overall water splitting”.) 

2.1 Introduction 

2.1.1 Overview of Water Electrolysis 

 

 

Figure 6. Schematic of the electrolyzers in acidic and alkaline solution. 

 



 

13 
 

Water electrolysis has been commercially available for more than a century [49]. It is 

one of the most efficient way of producing high-purity hydrogen gas with oxygen gas as the 

byproduct [50]. The overall reaction is the decomposition of water into H2 and O2: 

 

H2O → H2 + ½O2                                  (1) 

 

This reaction can be performed in acidic or alkaline solution. Figures 6A and 6B show the 

electrolyzers in acidic solution and alkaline solution, respectively. The electrolyzer is 

composed of three main components, that is, anode, cathode, and membrane. The anode 

electrode drives the hydrogen evolution reaction (HER), generating hydrogen gas, while the 

cathode electrode facilitates the oxygen evolution reaction (OER), producing oxygen gas. The 

reactants involved in the anodic and cathodic reactions differ in acidic and alkaline solutions 

as shown in Figure 6. 

Electrocatalysts on the anode and cathode electrodes are the key components that 

determine the electricity-to-hydrogen conversion efficiency. Traditionally, nickel/stainless 

steel mesh electrodes are used in commercial electrolyzers that typically use alkaline 

electrolytes [49]. However, these electrodes need large overpotentials to drive the HER and 

OER reactions, resulting in low energy conversion efficiency. The state-of-the-art catalysts for 

the HER and OER are noble metal-based materials (Pt for HER, and IrOx and RuOx for OER) 

[50,51]. However, their scarcity and high cost hinder their wide applications. Therefore, low-

cost, earth-abundant alternatives, especially the first-row transition metal based materials, are 

highly desired and have been intensively explored both experimentally and computationally 



 

14 
 

[52−54]. Despite tremendous efforts from research communities across the globe, the progress 

is far behind our expectation. 

 

2.1.2 Basics of Hydrogen Evolution Reaction 

The HER is a two-electron process that involves in simpler reaction pathways as 

compared to the OER [52]. Normally, it is believed that HER follows the Volmer-Tafel or the 

Volmer-Heyrovsky process [55,56]. In the Volmer reaction (Eqn. 2 and 3), adsorbed hydrogen 

on the surface of the electrode catalyst is formed from the reactant (hydrated proton H3O
+ in 

acidic solution or H2O in alkaline solution of pH > 5) [56]: 

 

H3O
+ + e−  Hads + H2O                                          (2) 

                               or 

H2O + e−  Hads + OH−                                           (3) 

 

 In the second step (Eqn. 4), the adsorbed H intermediate will combine with another adsorbed 

H intermediate nearby to form molecular H2. This is the Tafel reaction: 

 

Hads + Hads  H2                                                      (4) 

 

or the adsorbed H intermediate directly combines with a nearby activated H3O
+ or H2O as 

follows (the Heyrovsky reaction) (Eqn. 5 and 6): 

 

Hads + H3O
+ + e−  H2 + H2O                                (5) 
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                                or 

Hads + H2O + e−  H2 + OH−                                 (6) 

 

 

Figure 7. The top half shows the experimentally measured exchange current, log(i0), for 

hydrogen evolution over different metal catalysts plotted as a function of the calculated 

hydrogen adsorption energy, ∆EH (top axis) [57]. Single crystal data are indicated by open 

symbols [57]. The bottom half displays the result of the simple kinetic model plotted as a 

function of the free energy for hydrogen adsorption, ∆GH
* = ∆EH + 0.24 eV [57]. Reprinted 

with permission from Ref 57. Copyright 2005 The Electrochemical Society, Inc. 

 

The intrinsic catalytic activity of an HER catalyst is determined by its unique 

properties. To design and select an HER catalyst of high intrinsic activity, usually only one 

parameter, the hydrogen adsorption energy (∆EH) or the hydrogen adsorption free energy 

(∆GH ⃰), of the catalyst needs to be considered at the first place [57]. Typically, “volcano-type” 

curves have been developed to indicate the intrinsic activity of various catalysts [57−59]. As 
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shown in Figure 7, a volcano-shaped curve can be achieved by plotting the exchange current 

density as a function of ∆EH or ∆GH  ⃰[57]. As evidenced by the volcano curve, neither a too 

weak nor a too strong hydrogen adsorption energy is good for a high reaction rate. An 

appropriate binding energy of the intermediates to the catalyst surface is of vital importance to 

balance the adsorption (activation process) and desorption (hydrogen release), delivering the 

highest activity. Practically, the catalytic performance is also associated with its surface area, 

particle size, shape, electrical and electronic conductivity, etc. Screening out HER catalysts of 

high intrinsic activity is thus a complex and challenging process, despite the tremendous 

experimental and computational advances. 

 

 

Figure 8. (A) iR-corrected polarization curve of a Pt wire with a surface area of 0.5 cm2 in 

1.0 M KOH at a scan rate of 2 mV s−1. (B) Tafel plot derived from the polarization curve in 

Figure 8A. 

 

The electrocatalytic activity of an HER catalyst is commonly evaluated by judging the 

overpotential at a current density of 10 mA cm−2, which matches the 12.3% efficiency for 

photoelectrochemical water splitting, and the slope of the Tafel plot. Figure 8 shows the 
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experimental polarization curve and the corresponding Tafel plot of a Pt wire. The 

overpotential needed for the Pt wire to deliver a current density of 10 mA cm−2 is about 68 

mV. The smaller the Tafel slope is, the more active the catalyst is. The Tafel slope of the state-

of-the-art Pt-based catalysts is around 30 mV dec−1 [45,60−62]. The Tafel slope is not only an 

indicator of the catalytic activity but also enables to identify the reaction pathway. A Tafel 

slope of 120, 40, or 30 mV dec−1 is expected if the Volmer, Heyrovsky, or Tafel step is the 

rate-determining step, respectively [55,56]. 

 

2.1.3 Fundamentals of Oxygen Evolution Reaction 

Oxygen evolution reaction is a complex electrochemical reaction that involves a four-

electron process of multiple reaction steps. It is thus a kinetically sluggish reaction, primarily 

contributing to the overpotential that is needed to drive the overall water splitting and thus 

causing considerable energy losses. The multiple-step reaction results in a complicated 

reaction mechanism that has yet been elucidated unambiguously. What makes it more intricate 

is that the real reaction pathway may be variable with surface properties of a catalyst. Herein, 

two possible reaction pathways are listed below in acidic and alkaline solutions [63−65]. 

Reaction pathway in acidic solution: 

 

H2Oads  OHads + H+ + e−                                  (7) 

OHads  Oads + H+ + e−                                      (8) 

Oads + H2O  OOHads + H+ + e−                        (9) 

OOHads  O2ads + H+ + e−                                  (10) 

O2ads  O2                                                          (11) 
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Reaction pathway in alkaline solution: 

 

OH−
ads  OHads + e−                                           (12) 

OHads + OH−
ads  H2O + Oads + e−                     (13) 

Oads + OH−
ads  OOHads + e−                             (14) 

OOHads + OH−
ads  O2ads + e−                            (15) 

O2ads  O2                                                          (16) 

 

 

Figure 9. (A) iR-corrected polarization curve of IrO2 in 1.0 M KOH at a scan rate of 5 mV 

s−1. (B) Tafel plot derived from the polarization curve in Figure 9A. 

 

The complex reaction pathway and multiple intermediates make it more difficult to 

establish a universal descriptor that can be linked to the catalytic activity of a catalyst. Although 

a series of descriptors have been used to correlate the catalytic activity [65−70], they do not 

have the power to predict new catalysts of high intrinsic activity. Like the evaluation of the 

electrocatalytic activity of the HER catalysts, overpotential at a current density of 10 mA cm−2 
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and the slope of the Tafel plot are used as the indicators. Figure 9 shows the experimental 

polarization curve and the corresponding Tafel plot of the IrO2 catalyst. 

 

2.1.4 First-Row Transition Metal Based Electrocatalysts for Hydrogen Evolution 

Reaction 

Metal chalcogenides and phosphides. First-row transition metal (primarily Fe, Co 

and Ni) sulfides, and selenides have been important electrocatalysts for HER [71−81]. The 

activity trend of metal chalcogenides in acidic solution is in the order of CoX2 > NiX2 > FeX2 

(X = S or Se) [72,73]. Metal/sulfur ratio in the metal sulfides has great effect on the catalytic 

activity [74,75]. In a case study of crystalline NiS, NiS2, and Ni3S2 nanoparticles, their activity 

in acidic solution decreases in the order of Ni3S2 > NiS2 > NiS [74]. The higher activity of 

Ni3S2 may be owing to its higher conductivity and stronger affinity to hydrogen [74,75]. Many 

studies show that the activity of the metal sulfides can be enhanced by introducing foreign 

elements, that is, replacing part of the metal cations or sulfur anions [72,73,76−78]. Apart from 

chemical composition, polymorph, shape, and surface facet will affect the catalytic activity 

[79−81]. Recently, iron, cobalt, and nickel phosphides (e.g. FeP, Fe2P, CoP, Co2P, Ni2P) have 

been attracting tremendous attention owing to their remarkable intrinsic activity [61,82−93]. 

Kibsgaard and co-authors combined experimental and computational methods to 

systematically study the transition metal phosphides as HER catalysts, and found that 

Fe0.5Co0.5P exhibited the highest activity among the investigated phosphides due to its 

extremely small hydrogen adsorption free energy [82]. 

Nanostructured metals. Metal nanomaterials are often composited with carbon 

materials as nanostructured metals are not stable in air and/or under electrochemical conditions 
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[94−96]. Nanostructured metals embedded in carbon matrix could avert oxidation in air, and 

more importantly, show high HER activity [97−106]. For example, Tavakkoli et al. 

synthesized single-shell carbon-encapsulated iron nanoparticles that showed markedly high 

HER activity (only 77 mV overpotential is needed to reach 10 mA cm−2.) and long-term 

stability in 0.5 M H2SO4 [97]. Cobalt nanoparticles embedded in nitrogen-doped carbon also 

demonstrated high HER activity, delivering a current density of 10 mA cm−2 at overpotentials 

of 265 and 337 mV in 0.5 M H2SO4 and 0.1 M NaOH, respectively [99]. Interestingly, even 

atomic cobalt on nitrogen-doped graphene or atomic nickel in the framework of graphene 

presented high stability in 0.5 M H2SO4 [101,105]. As shown in Figures 10(A-C), the atomic 

cobalt on nitrogen-doped graphene (Co-NG) with only 0.57 at% Co shows high HER activity 

with a small onset overpotential of 30 mV, and a Tafel slope of 82 mV dec−1 [101]. Recently, 

three-dimensionally (3D) ordered macro-/mesoporous Ni was fabricated by template method, 

and it exhibited high activity with an overpotential of 171 mV to reach a cathodic current of 

10 mA cm −2 [107]. 

Metal/metal oxide heterostructures. Metal/metal oxide heterostructures have been 

becoming more and more intriguing because of the synergistic effect between metal and metal 

oxide that results in high intrinsic HER activity [43−46,108−113]. As shown in Figures 10(D-

F), the Ni/CeO2 on carbon nanotube (Ni/CeO2−CNT) presents a near zero onset potential, and 

density functional theory (DFT) calculations showed that the Ni/CeO2 interface not only 

promoted the dissociation of water molecules to form hydrogen adatoms but also lowered the 

hydrogen binding energy to accelerate the desorption of molecular hydrogen [46]. The 

metal/metal oxide composites can be prepared by thermal carbon reduction of metal 
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oxide/carbon composites [43,44], hydrogen reduction at elevated temperatures 

[45,46,109,110,112], or thermal treatment of metal/carbon composites in air [111,113]. 

 

 

Figure 10. (A) Chart showing the percentages of cobalt, nitrogen, oxygen and carbon in the 

Co-NG; the inset shows the SEM and digital image of the Co-NG [101]. (B) Polarization 

curves of NG, Co-G, Co-NG and Pt/C in 0.5 M H2SO4 at scan rate of 2 mV s−1; the inset shows 

the enlarged view of the polarization curve of the Co-NG near the onset region [101]. (C) Tafel 

plots of the polarization curves in B [101]. Reprinted with permission from Ref 101. Copyright 

2015 Macmillan Publishers Limited. (D) HRTEM image of the Ni/CeO2−CNT [46]. (E) 

Polarization curves of Ni/CeO2−CNT, NixCeO2+x−CNT, Ni−CNT, and commercial Pt/C in 1.0 

M KOH [46]. (F) The volcano plot of the experimentally measured exchange current density 

versus the density functional theory calculated hydrogen binding energy for various catalysts 

[46]. Reprinted with permission from Ref 46. Copyright 2015 American Chemical Society. 

 



 

22 
 

Amorphous materials. Amorphous materials have been shown to possess high 

intrinsic catalytic activity towards HER [37,114−116]. For example, amorphous cobalt 

selenide films required an overpotential of ~135 mV to drive the hydrogen-evolution reaction 

at a benchmark current density of 10 mA cm−2 in 0.5 M H2SO4 [115]. The high intrinsic activity 

of amorphous materials is likely owing to their amorphous nature that very likely enables 

abundant bulk and surface defects. Surface defects or unsaturated sites can act as active sites 

for HER [37,117].  

 

2.1.5 First-Row Transition Metal Based Electrocatalysts for Oxygen Evolution 

Reaction 

 

 

Figure 11. (A) HRTEM image of a single Au@Co3O4 [124]. (B) iR-corrected polarization 

curves of Au@Co3O4/C, Co3O4/C, and (Au+Co3O4)/C [124]. Reprinted with permission from 

Ref 124. Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

First-row transition metal oxides, especially Ni- and Co-based oxides, are the firstly 

studied electrocatalysts and still among the most popular electrocatalysts for OER. Over the 
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past decade, various strategies have been developed to improve the catalytic performance of 

first-row transition metal oxides [118−126]. Nanotechnology is one of the most efficient ways 

to improve the OER activity of the existing metal oxides [118]. Introducing defects such as 

oxygen vacancies can highly enhance the OER activity of metal oxides (e.g. Ca2Mn2O5 and 

Co3O4), where the oxygen vacant sites were believed to facilitate the adsorption of OH−, 

leading to fast OER kinetics. [119,120]. Mixed metal oxides demonstrated higher OER activity 

than single metal oxides owing to improved conductivity, enlarged surface roughness, and 

increased active site density [121,122]. Metal/metal oxides composites show superior OER 

activity owing to the synergistic effect between metal and metal oxide [123,124]. As shown in 

Figures 11A and 11B, Au@Co3O4 core-shell nanoparticles offered highly enhanced OER 

activity, because Au could facilitate the oxidation of CoIII to CoIV cations, a state of cobalt 

believed to be essential for OER to occur [123,124]. Amorphizing metal oxides has been 

proven to be another effective approach to achieve high intrinsic activity as amorphous oxides 

often bear abundant surface defects and lattice dislocations that could facilitate the OER 

[122,125,126]. 

NiFe-based oxides and hydroxides have been attracting much interest owing their wide 

availability, low cost, and outstanding intrinsic OER activity [50,51,54,112,127−134]. NiFeOx 

exhibited much higher OER activity than other first-row transition metal oxides [51,127]. 

NiFeOx can achieve an anodic current density of 10 mA cm−2 at a relatively small operating 

overpotential of ~350 mV [127]. Recently, NiFe layered double hydroxide (NiFe-LDH) 

showed markedly high OER activity [54,129,132]. For example, the OER onset potentials of 

NiFe-LDH grown on mildly oxidized multi-walled carbon nanotubes were as low as about 

1.50 and 1.45 V in 0.1 and 1.0 M KOH, respectively [54]. While Friebel et al. suggested that 
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the Fe sites possessed the optimal adsorption energies of OER intermediates in a case study of 

(Ni,Fe)OOH [130], Trotochaud and co-authors concluded that the OER activity was enhanced 

via partial-charge transfer between Ni and Fe, plus highly improved electronic conductivity in 

Ni1−xFexOOH [134]. 

 

2.1.6 First-Row Transition Metal Based Bifunctional Electrocatalysts for Overall 

Water Splitting 

Bifunctional electrocatalysts that are active towards both HER and OER have recently 

drawn considerable attention [44,112,135−141]. Bifunctional electrocatalysts are usually 

composites composed of at least two different materials [44,137−140], so that each component 

can play its role in driving the overall water splitting. Generally, each component is considered 

highly active only towards one reaction, HER or OER. However, synergistic effect between 

different components may apply in some cases so that the catalytic activity of the bifunctional 

electrocatalyst towards HER or OER is higher than that of any individual components that 

comprise the bifunctional electrocatalyst. Among them, metal/metal oxide heterostructures are 

one of the most intriguing structures that enable high intrinsic activity towards both HER and 

OER [44,137,140]. Co-CoOx/N-doped carbon (Co-CoOx/NC) hybrids have been shown to 

have high activity towards both HER and OER [44]. The onset overpotential of the Co-

CoOx/NC catalyst for HER is as small as 85 mV while it requires a small overpotential of 260 

V for an OER current density of 10 mA cm−2 [44]. Other than metal/metal oxide 

heterostructures, Stern et al. developed Ni2P/NiOx core-shell heterostructures as highly 

efficient bifunctional electrocatalysts, where Ni2P and NiOx offer active sites for hydrogen 

evolution and oxygen evolution, respectively [141]. 
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Recently, Wang et al. developed another efficient approach to fabricating bifunctional 

metal oxide catalysts via using electrochemical method to tune the structure of the transition 

metal oxides [135]. Among various electrochemically treated transition metal oxides, the 2-

cycle NiFeOx exhibited the highest catalytic performance towards both OER (Figure 12A) and 

HER (Figure 12B). The high catalytic activity was attributed to the interconnected ultra-small 

diameter (2–5 nm) nanoparticles converted from large nanoparticles (~20 nm) during the 

lithiation/delithiation processes (Figure 12C), creating numerous surface active sites [135]. 

 

 

Figure 12. The iR-corrected (A) OER and (B) HER polarization curves of pristine and 2-cycle 

NiFeOx/CFP in 1 M KOH [135]. The NiFeOx nanoparticles were grown on carbon fiber paper 

(CFP) [135]. (C) The schematic of the structural evolution of the transition metal oxide (TMO) 

during the lithiation/delithiation processes [135]. Reprinted with permission from Ref 135. 

Copyright 2015 Macmillan Publishers Limited. 
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2.2 Crystalline@Amorphous Co@Co3O4 Core@Shell Heterostructures as 

Electrocatalysts for Hydrogen Evolution Reaction 

2.2.1 Introduction 

Cobalt-based materials, such as Co/CoOx/carbon, Co/carbon, CoS2, CoSe2, CoP, and 

Co2P, have been widely studied as HER catalysts and shown to possess high HER activity 

[44,72,73,77,78,87−89,98,99−103,109,111,113,115,135−138]. Among them, 

Co/CoOx/carbon and Co/carbon composites can be achieved by relatively simple synthesis 

methods and are more cost-effective. Generally, Co/CoOx/carbon and Co/carbon composites 

are prepared by carbon thermal reduction of cobalt oxides embedded into carbon matrix 

[44,99,100,102,103,111,113]. The introduction of carbon matrix complicates the synthetic 

process, making the large-scale production extremely hard due to the high difficulty in 

controlling the thickness of the carbon layers on the Co/CoOx or Co nanoparticles. On the other 

hand, little is known about the HER activity of Co/CoOx heterostructures, though it has been 

proved that the presence of CoOx improves the HER activity of the Co/CoOx/C composites 

[111,113]. Therefore, it is of high importance to develop an efficient, scalable method to 

fabricate Co/CoOx heterostructures that have high HER activity, and to investigate the 

structure-property relationship. 

Herein, 3D crystalline/amorphous Co/Co3O4 core/shell nanosheets were fabricated by 

a simple, scalable method. The Co/Co3O4 core/shell nanosheets were converted from 

crystallized Co3O4 nanosheets grown on Ni foam by hydrogen reduction at relatively low 

temperatures. The structure and electrochemical properties of the Co/Co3O4 heterostructures 

were studied comprehensively. 
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2.2.2 Experimental 

Materials Synthesis 

In a typical synthesis [109], 3 mmol of Co(NO3)2∙6H2O and 6 mmol of 

hexamethylenetetramine were dissolved into a mixed solution containing 40 mL of water and 

20 mL of ethanol in a glass bottle. A piece of nickel foam (4 cm × 5 cm) was sonicated in 3 M 

HCl for 10 min to remove the possible surface oxide layer. After washed with deionized water, 

the acid-treated nickel foam was transferred into the as-prepared solution. The glass bottle with 

solution and nickel foam was capped and heated up to 90 °C in an electric oven. After reaction 

at 90 °C for 10 h, the solution was cooled down naturally to room temperature. The nickel 

foam covered with Co(OH)x was taken out and washed with deionized water. After drying in 

air, the products were annealed at 300 °C for 2 h in air and cooled down. After that, hydrogen 

reduction was carried out at 150, 200, or 300 °C for 3 h in a hydrogen atmosphere. The samples 

were designated as Co/Co3O4-150, Co/Co3O4-200 and Co/Co3O4-300. The mass loading of 

Co/Co3O4 nanohybrids on nickel foam is ~0.85 mg cm−2. To investigate the structural 

evolution of the Co3O4 with the increase of the hydrogenation temperature, precipitate on the 

bottom of the bottle was collected by filtration after the nickel foam was taken out from the 

solution, dried naturally, and underwent the same process to obtain pristine Co3O4 powder at 

300 °C in air and subsequent hydrogen reduction at different temperatures. 

Physical Characterization 

Morphologies were examined using scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). The SEM images were taken using a Hatachi 4700 

field emission scanning electron microscope, and the TEM images were collected using a FEI 

Tecnai F20 STEM under an electron accelerating voltage of 200 kV. Structural evolution was 
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revealed by X-Ray diffraction (XRD) analysis and X-ray photoelectron spectroscopy (XPS). 

The XRD analysis was performed using a Rigaku Miniflex X-ray diffractometer using Cu Kα 

radiation (λ = 1.5418 Å). XPS spectra were collected using a Kratos Axis 165 X-ray 

Photoelectron Spectrometer and calibrated with the C 1s peak (284.6 eV). 

Electrochemical Characterization 

All electrochemical measurements were carried out in a typical three-electrode system 

at room temperature. A Pt wire, an Ag/AgCl electrode, and 1.0 M KOH were used as the 

counter electrode, reference electrode, and electrolyte, respectively. The nickel foam covered 

with Co/Co3O4 was directly used as the working electrode. Linear sweep voltammetry (LSV) 

at a scan rate of 2 mV s−1 and electrochemical impedance spectroscopy (EIS) analysis using a 

10 mV amplitude AC signal over a frequency range from 100 kHz to 10 mHz were performed 

on a electrochemical workstation. The commercial Pt/C was used as the state-of-the-art HER 

catalyst for comparison. Before LSV measurement, cyclic voltammetry measurement was 

performed five cycles in the voltage range of 0.0−0.5 V versus Ag/AgCl at a scan rate of 5 mV 

s−1. All polarization curves were iR-corrected for an ohmic drop obtained from EIS Nyquist 

plot. The Ag/AgCl reference electrode was calibrated with respect to reversible hydrogen 

electrode (RHE) [109]. 

 

2.2.3 Results and Discussion 

Figure 13 shows the SEM and TEM images of Co3O4 and Co/Co3O4-200. As shown in 

Figure 13A, the Ni foam is fully covered with Co3O4. Magnified SEM image (Figure 13B) 

shows that the Co3O4 exists in the form of nanosheets that assemble into “flowers”. The TEM 

image in Figure 13C shows one corner of a Co3O4 nanosheet. The HRTEM image in Figure 
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13D reveals that the Co3O4 nanosheets are polycrystalline, composed of ultrasmall 

nanoparticles with sizes of 5−8 nm. The lattice fringes of the Co3O4 nanocrystals, indicating 

high crystallinity. The d-spacing value was calculated to be 4.65 Å, corresponding to the (111) 

plane of Co3O4 (JCPDS no. 43-1003) and thus confirming the generation of the Co3O4 on the 

Ni foam. 

 

 

Figure 13. (A, B) SEM and (C, D) TEM images of Co3O4. (E, F) SEM and (G, H) TEM 

images of Co/Co3O4-200. 

 

After hydrogen reduction at 200 ºC, the Ni foam is then covered with Co/Co3O4 

nanosheets (Figure 13E and 13F). The core-shell structure is demonstrated by the TEM images 

(Figure 13G and 13H). Apparently, the Co/Co3O4 nanosheets are still composed of many 

nanoparticles (Figure 13G), but these Co/Co3O4 nanoparticles are relatively large in sizes 

(20−50 nm) owing to the heat treatment that made the adjacent small nanoparticles fuse into 

large nanoparticles. The HRTEM image in Figure 13H shows the crystalline core and the 

amorphous shell. The amorphous shell has an average thickness of ~3 nm. The d-spacing of 
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2.17 Å calculated from the lattice fringes of the crystalline core part is assigned to the (100) 

plane of metallic Co (JCPDS no. 05-0727). Thus, the crystalline/amorphous Co/Co3O4 

core/shell structure is verified. 

 

 

Figure 14. (A) XRD patterns: (o) Co3O4 (JCPDS 43-1003) and (#) Co (JCPDS 05-0727). (B) 

XPS survey. (C) Co 2p and (D) O 1s XPS spectra of (a) Co3O4 and (b) Co/Co3O4-200. 

 

Figure 14A shows the XRD patterns of (a) Co3O4 and (b) Co/Co3O4-200. The XRD 

pattern of Co3O4 matches well with the standard XRD pattern of cubic Co3O4 (JCPDS no. 43-

1003). The XRD pattern of Co/Co3O4-200 indicates the presence of crystalline Co3O4, as 
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evidenced by the signal at 2θ = 36.8 º, corresponding to the (311) plane of cubic Co3O4. The 

other diffraction peaks match well with the hexagonal Co (JCPDS no. 05-0727). The grain size 

was calculated using Scherrer equation: τ = (kλ)/(βcosθ), where τ, k, λ, β, and θ are the mean 

size of the ordered (crystalline) domains, shape factor with a typical value of 0.9, X-ray 

wavelength, line broadening full width at half maximum (FWHM) peak height in radians, and 

Bragg angle, respectively [142]. The calculated grain sizes are about 6.6 and 4.8 nm for the 

Co3O4 and Co/Co3O4-200, respectively. The calculated grain size for the Co3O4 is consistent 

with the TEM observation. However, the calculated grain size for Co/Co3O4-200 is smaller 

than the TEM estimation (~6 nm). This suggests that the part of the Co crystals are 

polycrystalline, composed of small Co nanoparticles. 

The XPS survey spectra of (a) Co3O4 and (b) Co/Co3O4-200 are similar and show the 

presence of O and Co in both (Figure 14B). The C signal may come from the atmosphere or 

the sample holder. Figure 14C displays the Co 2p XPS spectra of (a) Co3O4 and (b) Co/Co3O4-

200. Both have two main peaks located at 795.0 eV (Co 2p1/2) and 779.8 eV (Co 2p3/2), 

attributed to the Co ions in Co3O4 [143,144]. There is a down shift for the corresponding 

satellites when the Co3O4 was reduced to the Co/Co3O4. The down shift can be explained by 

the possible presence of CoO due to the partial reduction of Co3O4 [109]. Owing to the 

relatively thick amorphous Co3O4 shell, the metallic Co signals (Co 2p1/2 at 793.5 eV; Co 2p3/2 

at 778.5 eV [144,145]) are too weak to be seen apparently. Figure 14D shows the O 1s XPS 

spectra of (a) Co3O4 and (b) Co/Co3O4-200. The O 1s XPS spectrum of Co3O4 had two peaks 

near 529.2 and 530.2 eV, attributed to the lattice O2− [146,147], and one small shoulder near 

531.1 eV likely from the surface hydroxyl groups [148−150]. For Co/Co3O4-200, the signal at 

529.6 eV may be derived from the O2− in CoO [151], which is consistent with the analysis of 
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the Co 2p XPS spectrum. Meanwhile, peaks corresponding to the hydroxyl groups at 531.1 eV 

intensifies dramatically as a result of the hydrogen reduction that may triggers more surface 

hydroxyl groups [148−150]. 

 

 

Figure 15. Electrochemical characterization of Co/Co3O4-200. (A) Polarization curves and 

(B) Tafel plots of bare Ni foam, Co3O4, Co/Co3O4-200, and Pt wire in 1.0 M KOH. (C) 

Current-time characteristics of Co/Co3O4-200 at an overpotential of 120 mV. (D) The 

polarization curves of Co/Co3O4-200 before and after the stability test. 

 

The catalytic activity of Co3O4 and Co/Co3O4-200 towards HER was evaluated in 1.0 

M KOH using a three-electrode system. Figure 15A shows the polarization curves of the Co3O4 
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and Co/Co3O4-200 electrodes. For comparison, the polarization curves of the bare Ni foam and 

Pt/C electrodes are included. As the state-of-the-art catalyst, the Pt/C electrode shows a near-

zero onset potential. Ni foam presents no catalytic activity towards HER within the interested 

potential range between −0.25 and 0.00 V versus RHE. The onset potential of the Co/Co3O4-

200 electrode is about −0.03 V versus RHE, and only a small overpotential of 90 mV is needed 

to reach a benchmark current density of 10 mA cm−2. For comparison, the overpotentials to 

reach 10 mA cm−2 are 264 and 342 mV for Co3O4 and Ni foam, respectively. The catalytic 

performance of the Co/Co3O4-200 electrode is also compared with other catalysts reported in 

the literature (Table 1). Excitingly, the catalytic activity of the Co/Co3O4 heterostructures is 

much higher than that of the Co/CoOx/carbon or Co/CoOx/perovskite composites reported in 

literature [44,137], and is even comparable to the acidic-based catalysts [61,86]. These results 

solidify the superior catalytic activity of the Co/Co3O4 heterostructures. Figure 15B shows the 

Tafel plots of all the electrodes. The Pt/C electrode shows a small Tafel slope of 28 mV dec−1, 

which is consistent with the high activity and known reaction mechanism on Pt. The Tafel 

slope for the Co/Co3O4-200 electrode is about 44 mV dec−1, indicating that the Co/Co3O4 

heterostructures favor the Volmer-Heyrovsky reaction pathway and that Heyrovsky reaction is 

the rate-determining step [55,56]. The catalyst stability is important for practical applications. 

Figure 15C and 14D demonstrate the stability test results of the Co/Co3O4-200 electrode. When 

evaluated using a constant-potential technique, the Co/Co3O4-200 electrode showed a slight 

degradation in current density at −0.12 V versus RHE during a period of 6000 s (Figure 15C). 

Further, the polarization curves of the Co/Co3O4-200 electrode collected before and after the 

stability test demonstrate that the current degradation occurs at potentials above −0.22 V versus 

RHE while the HER is enhanced at high potentials. The degradation is caused by the unstable 
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amorphous Co3O4 that can be reduced to metallic Co under electrochemical conditions 

[45,109]. These results suggest that the metallic Co nanoparticles contribute to the high current 

density owing to their high conductivity while amorphous Co3O4 reduces the activation energy 

for water reduction to occur, as evidenced by the small onset potential and the small 

overpotential to reach 10 mA cm−2. 

 

Table 1. Comparison of the HER performance of the electrodes reported recently. 

Catalyst Mass loading (mg cm−2) Electrolyte 20
[a] (mV) Ref. 

NiO/Ni-CNT[b] 0.28 1.0 M KOH ~120 [43] 

Co-CoOx/CN 0.42 1.0 M KOH ~270 [44] 

NiP 1.0 0.5 M H2SO4 130 [61] 

CoP 0.92 0.5 M H2SO4 100 [86] 

FeP − 0.5 M H2SO4 ~320 [92] 

Co/CoOx/perovskite[c] − 1.0 M KOH ~210 [137] 

Co/Co3O4 0.85 1.0 M KOH 129 This work 

[a] 20: overpotential at a current density of 20 mA cm−2, [b] CNT: carbon nanotube, 

[c] perovskite: (PrBa0.8Ca0.2)0.95(Co1.5Fe0.5)0.95Co0.05O5+δ. 

 

To confirm the roles of the metallic Co and the amorphous Co3O4, Co3O4 was reduced 

under hydrogen atmosphere at different temperatures to obtain Co/Co3O4-150, Co/Co3O4-200, 

and Co/Co3O4-300. Figure 16A shows the XRD patterns of the Co3O4 and the Co/Co3O4 series. 

Co/Co3O4-150 has the same XRD pattern as Co3O4. This suggests that the temperature of 150 

ºC is not high enough to reduce the Co3O4. It is thus expected that the Co/Co3O4-150 still 

maintains the structure of cubic Co3O4. Indeed, the catalytic activity of the Co/Co3O4-150 

electrode is only slightly higher than that of the Co3O4 electrode, as depicted by the polarization 

curves in Figure 16B. When the reaction temperature was raised to 300 ºC, the Co3O4 was 

completely reduced to metallic Co, as the XRD signals corresponding to Co3O4 disappeared 
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on the XRD pattern of Co/Co3O4-300 and only signals from metallic Co were observed. As 

shown in Figure 16B, the catalytic performance of the Co/Co3O4-200 electrode is slightly 

better than the Co/Co3O4-300 electrode in the whole operating potential range. This implies 

that the amorphous Co3O4 could accelerates the HER kinetics and that the nanostructured 

metallic Co is highly active towards HER, primarily contributing to the remarkable HER 

activity of Co/Co3O4-200. It is thus proposed that the excellent catalytic activity of the 

Co/Co3O4-200 electrode is ascribed to the synergistic effect between the metallic Co core and 

the amorphous Co3O4 shell, where the Co favors the fast electron transfer and the Co3O4 

facilitates the water dissociation likely by lowering the activation energy. 

 

 

Figure 16. XRD patterns of the Co3O4 and Co/Co3O4 series: Co3O4 (a), Co/Co3O4-150 (b), 

Co/Co3O4-200 (c) and Co/Co3O4-300 (d). (B) Polarization curves of the Co3O4, Co/Co3O4-

150, Co/Co3O4-200, and Co/Co3O4-300 electrodes. 
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Figure 17 (A) Nyquist plots of the Co3O4 and Co/Co3O4 series at an overpotential of 20 mV. 

(B) Rad plotted against the overpotential needed to reach a current density of 5 mA cm−2. (C) 

Nyquist plots of the Co3O4 and Co/Co3O4 series at an overpotential of 220 mV. (D) Current 

density at an overpotential of 220 mV plotted against the Rct derived from the Nyquist plots in 

Figure 17C. 

 

To reveal the kinetics of the surface reaction and as well further confirm the roles of 

the metallic Co and the amorphous Co3O4, EIS measurements were conducted. Figure 17A 

shows the Nyquist plots of the Co3O4 and Co/Co3O4 series collected at overpotential of 20 mV. 

The Nyquist plots are comprised of two semicircles. The low-frequency semicircle is believed 
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to be associated with hydrogen adsorption impedance (Rad) that is impedance from hydrogen 

adsorption onto the surface of the catalysts, forming hydride-type species, while the high-

frequency semicircle is correlated with the charge-transfer resistance (Rct) [55,152]. As shown 

in Figure 17B, the Rad is highly related to the overpotential needed to reach a current density 

of 5 mA cm−2. The smaller the Rad, the smaller the overpotential is. The Rad decreases in the 

order of Co3O4 > Co/Co3O4-150 > Co/Co3O4-300 > Co/Co3O4-200. This implies that the 

amorphous Co3O4 in the well-defined Co/Co3O4 heterostructure is necessary for water 

dissociation at low overpotentials (e.g. below 220 mV). The Nyquist plots collected at a high 

overpotential of 220 mV exhibit one semicircle (Figure 17C), corresponding to the Rct. This 

suggests that the reaction kinetics at high overpotentials is determined by the Rct. As shown in 

Figure 17D, the smaller the Rct, the larger the current density is. The current density increases 

in the order of Co3O4 < Co/Co3O4-150 < Co/Co3O4-300 < Co/Co3O4-200. Therefore, the 

amorphous Co3O4 facilitates the water dissociation into Had and OH−, while the metallic Co 

reduces the Rct and accelerates the overall reaction kinetics. On the other hand, nanosized Co 

itself is a good HER catalyst [99,102,103,136]. It is thus the synergistic effect between the 

metallic Co and the amorphous Co3O4 that contributes to the highest catalytic activity of 

Co/Co3O4-200 among the Co/Co3O4 series. 

 

2.2.4 Conclusions 

3D crystalline/amorphous Co/Co3O4 core/shell heterostructures have been prepared by 

reducing the Co3O4 nanosheets grown on Ni foam under high-pressure hydrogen atmosphere 

at 200 ºC. The Co/Co3O4 heterostructures show high catalytic activity towards HER in 1.0 M 

KOH, demonstrating a small onset potential of −0.03 V versus RHE. More importantly, only 

a small overpotential (90 mV) is needed to deliver a current density of 10 mA cm−2. The 
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excellent catalytic activity is attributed to the synergetic effect between the metallic Co and the 

amorphous Co3O4, where the highly conductive Co accelerates the overall reaction kinetics 

and the amorphous Co3O4 facilitates the water dissociation into Had and OH−. This 3D 

crystalline/amorphous Co/Co3O4 core/shell nanosheets catalyst can be a promising low-cost, 

earth-abundant candidate for hydrogen generation from water electrolysis. 

 

2.3 FeNi3/NiFeOx Heterostructures as Bifunctional Electrocatalysts for Overall Water 

Splitting 

2.3.1 Introduction 

Over the past decades, tremendous efforts have been devoted to the exploration of 

earth-abundant, high-activity HER or OER catalysts. Little attention has been paid to the 

development of bifunctional electrocatalysts that are highly active towards both HER and 

OER. Bifunctional electrocatalysts can avoid the mismatch between anode and cathode 

electrocatalysts and may pave a new way to the design of highly integrated and efficient 

electrolyzers [135,138]. Additionally, bifunctional electrocatalysts can contribute to the 

reduction of fixed investment as there is no need to purchase two different equipment for OER 

and HER catalysts production, respectively [135]. Therefore, developing a bifunctional 

electrocatalyst with high activity towards both OER and HER in the same electrolyte is 

scientifically and practically important. 

Metal/metal oxide heterostructures are the commonly reported bifunctional 

electrocatalysts [44,112,137,140], likely owing to the combination of two functional 

components. The nanosized metals mainly offer good HER activity while the metal oxide 

nanostructures contribute to the good OER activity. Therefore, the overall water splitting 
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activity of a metal/metal oxide composite is highly dependent on the individual components. 

NiFeOx has been shown to be one of the best OER catalysts [51,127], while nanostructured 

metallic Ni and Fe are highly active towards HER [97,104,106]. Introducing nanostructured 

metallic Ni, Fe, or NiFe alloy into NiFeOx, forming metal/metal oxide heterostructure, is 

expected to produce highly active bifunctional electrocatalysts. Herein, hydrogen reduction is 

employed to synthesize FeNi3/NiFeOx heterostructures that make full use of the advantages of 

metal and metal oxide and their possible synergistic effect. The FeNi3/NiFeOx heterostructures 

exhibit high HER and OER activity. The onset overpotentials for HER and OER are about 20 

and 240 mV, respectively, in 1.0 M KOH. In addition, the onset potential for overall water 

splitting is 1.55 V, corresponding to a small overpotential of 320 mV to drive the overall water 

splitting. 

 

2.3.2 Experimental 

Materials Synthesis 

In a typical synthesis [112], a piece of nickel foam (1 cm  3 cm) was sonicated in 3 M 

HCl for 10 min to remove the possible surface oxide layer. After rinsed with deionized water, 

the nickel foam was transferred into an aqueous solution (16 mL of water) containing 0.5 mmol 

of iron(III) nitrate nonahydrate (Fe(NO3)3∙9H2O) and 2.5 mmol of urea, followed by a 

hydrothermal treatment at 120 °C for 12 h in an electric oven. Nickel foam is not only the 

substrate but also the Ni source as Ni can be oxidized by Fe3+ ions in the solution to generate 

Ni2+ ions. After cooled down to room temperature, the nickel foam was washed with deionized 

water, dried in air, and annealed at 300 °C for 2 h in air to obtain NiFeOx. Finally, 
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FeNi3/NiFeOx heterostructures were obtained by hydrogen reduction at 250 °C for 3 h in a 

high-pressure hydrogen atmosphere. 

Physical Characterization 

The SEM images were taken using a Hatachi 4800 field emission scanning electron 

microscope, and the TEM images were collected using a FEI Tecnai F20 STEM under an 

electron accelerating voltage of 200 kV. Structural evolution was revealed by X-Ray 

diffraction (XRD) analysis and X-ray photoelectron spectroscopy (XPS). The XRD analysis 

was performed using a Rigaku Miniflex X-ray diffractometer using Cu Kα radiation (λ = 

1.5418 Å). XPS spectra were collected using a Kratos Axis 165 X-ray Photoelectron 

Spectrometer. All XPS spectra were calibrated with the C 1s peak (284.6 eV). 

Electrochemical measurement 

Electrochemical measurements were carried out in a three-electrode system at room 

temperature. The nickel foams covered with samples were directly used as the working 

electrodes. A Pt wire, an Ag/AgCl electrode, and 1.0 M KOH were used as the counter 

electrode, reference electrode, and electrolyte, respectively. Cyclic voltammetry measurement 

was performed five cycles in the voltage range of 0.0−0.5 V versus Ag/AgCl at a scan rate of 

5 mV s−1 to activate the working electrodes. Linear sweep voltammetry was performed at a 

scan rate of 5 mV s−1 to evaluate the HER and OER performance of the catalysts. EIS analysis 

was carried out using a 10 mV amplitude AC signal over a frequency range from 100 kHz to 

10 mHz on a Biologic potentiostat/EIS electrochemical workstation. All polarization curves 

were iR-corrected for an ohmic drop according to the EIS Nyquist plots. The reference 

electrode was calibrated against and concerted to reversible hydrogen electrode. The 

calibration was performed in the high purity hydrogen saturated 1 M KOH electrolyte with a 
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Pt wire as the working electrode. To estimate the relative electrochemical surface area of the 

catalysts, double layer capacitance (Cdl) of each catalyst was measured using a simple cyclic 

voltammetry method. The voltage window of cyclic voltammograms was 0.1‒0.2 V versus 

RHE. The scan rates were 20, 40, 60, 80 and 100 mV s−1. Cdl was estimated by plotting the Δj 

(ja−jc) at 0.15 V versus RHE against the scan rate, where the slope is twice the Cdl [45,62,132]. 

The ja and jc are the anodic and cathodic current densities, respectively, from the 

voltammograms at the potential of 0.15 V versus RHE. 

 

2.3.3 Results and Discussion 

Morphological characterization was conducted by SEM. As shown in Figure 18A, the 

NiFeOx presents in the form of nanosheet of micron scale on the planar dimension. Hydrogen 

reduction fragmented the NiFeOx nanosheets due to their decomposition into FeNi3/NiFeOx 

heterostructures (Figure 18B). The HRTEM image clearly demonstrates the lattice fringes of 

the NiFeOx nanocrystals (Figure 18C). The d-spacing values of 0.265 and 0.499 nm are 

ascribed to the (310) and (111) planes of cubic Fe2O3 (JCPDS no. 39-1346), respectively. The 

HRTEM image of FeNi3/NiFeOx in Figure 18D also shows clear lattice fringes, indicating that 

the crystallinity is well-maintained during the hydrogen reduction process. The d-spacing 

values of 0.307 and 0.494 nm are ascribed to the (220) and (111) planes of cubic Fe2O3 (JCPDS 

no. 39-1346), respectively, while the d-spacing of 0.204 nm is assigned to the (111) plane of 

cubic FeNi3 (JCPDS no. 38-0419). The FeNi3 nanocrystals (~12 nm in diameter) are located 

at the surface of NiFeOx nanocrystals. XRD analysis further confirmed the phase composition 

of NiFeOx and FeNi3/NiFeOx. The XRD pattern of NiFeOx matches well with the standard 

XRD pattern of cubic Fe2O3 (JCPDS no. 39-1346) (Figure 19A). The TEM and XRD analysis 
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suggest that the Ni ions are successfully incorporated into the Fe2O3, replacing part of the Fe 

sites. Two phases are detected in FeNi3/NiFeOx, that is, cubic Fe2O3 (JCPDS no. 39-1346) and 

cubic FeNi3 (JCPDS no. 38-0419). The TEM and XRD observations imply that part of the 

NiFeOx was reduced into FeNi3 during hydrogen reduction while the remaining part 

maintained the original state. 

 

 

Figure 18. SEM images of (A) NiFeOx and (B) FeNi3/NiFeOx, and TEM images of (C) 

NiFeOx and (D) FeNi3/NiFeOx. 
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Figure 19. (A) XRD patterns, (B) Ni 2p XPS spectra, (C) Fe 2p XPS spectra, and (D) O 1s 

XPS spectra of (a) NiFeOx and (b) FeNi3/NiFeOx. The XRD peaks corresponding to FeNi3 are 

marked with an asterisk (*). 

 

XPS analysis show that the surface Ni/Fe ratio is close to 1.0 in both NiFeOx and 

FeNi3/NiFeOx. Figure 19B displays the Ni 2p XPS spectra of NiFeOx and FeNi3/NiFeOx. The 

two main signals centered at 855.4 and 873.0 eV are ascribed to Ni2+ 2p3/2 and Ni2+ 2p1/2, 

respectively [153,154]. Signals located at ~861 and ~879 eV are the corresponding satellite 

peaks. Figure 19C demonstrates the Fe 2p XPS spectra of NiFeOx and FeNi3/NiFeOx. In the 

Fe 2p XPS spectrum of NiFeOx, the typical core-level signals at 711.3 and 724.6 eV are 
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corresponding to the Fe3+ 2p3/2 and Fe3+ 2p1/2, respectively [155,156]. Upon hydrogen reduction 

to FeNi3/NiFeOx, the two core-level signals shifted to lower binding energies, namely, 710.3 

and 723.8 eV that seems to be derived from the Fe in Fe3O4 [155]. This is reasonable as part 

of the Fe3+ ions are reduced into lower oxidation state. Similar O 1s XPS spectra are observed 

for NiFeOx and FeNi3/NiFeOx, and they can be deconvoluted into three peaks (Figure 19D). 

The fitted peaks at 529.3, 530.7 and 532.0 eV are assigned to the lattice O2−, hydroxyl groups 

and/or oxygen vacancies, and adsorbed water, respectively [126,157]. These peaks shifted to 

higher binding energies in FeNi3/NiFeOx, that is, 529.6, 530.9 and 532.5 eV, likely due to the 

surface structural change that causes the environmental change of the oxygen after hydrogen 

reduction. Obviously, the peak corresponding to the hydroxyl groups and/or oxygen vacancies 

strengthened after hydrogen reduction, indicating an increase in surface hydroxyl groups 

and/or oxygen vacancies. 

Electrochemical properties were evaluated in a three-electrode system with 1.0 M KOH 

as the electrolyte. Figure 20A shows the polarization curves of NiFeOx and FeNi3/NiFeOx. For 

comparison, the polarization curves of the bare Ni foam and the state-of-the-art catalyst Pt/C 

are included for reference. The bare Ni foam shows extremely poor catalytic activity towards 

HER with a high onset overpotential of 180 ~mV. The onset potential shows negligible change 

when the Ni foam is covered with NiFeOx, indicating the poor HER activity of NiFeOx. In 

sharp contrast, FeNi3/NiFeOx offers outstanding catalytic activity towards HER, having a near-

zero onset potential and delivering a current density of 10 mA cm−2 at a small overpotential of 

99 mV.  
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Figure 20. Electrochemical characterization of hydrogen evolution reaction. (A) Polarization 

curves of NiFeOx and FeNi3/NiFeOx in 1 M KOH. (B) Current-time characteristics of 

FeNi3/NiFeOx at an overpotential of 170 mV without iR-compensation. (C) Nyquist plots of 

NiFeOx and FeNi3/NiFeOx at −0.20 V versus RHE. (D) Charging current density differences 

(Δj = ja – jc) plotted against the scan rates. 

 

Without doubt, FeNi3/NiFeOx is among the best first-row transition metal based 

electrocatalysts in alkaline electrolytes. For example, FeNi3/NiFeOx is superior to the cobalt-

cobalt oxide/N-doped carbon hybrids (10 mA cm−2 at an overpotential of 260 mV in 1 M KOH) 

[44], and is comparable to nickel oxide/nickel-carbon nanotube composites (10 mA cm−2 at an 

overpotential of ~85 mV in 1 M KOH) [43]. Note that a large reduction peak was observed 



 

46 
 

prior to hydrogen evolution on the polarization curve of the FeNi3/NiFeOx electrode. This 

reduction peak may be originated from the amorphous material [109,114,158], but it is more 

likely derived from the surface defects. To have more insightful information, further research 

is needed. Excitingly, the FeNi3/NiFeOx electrode possesses robust catalyst stability, showing 

almost no current degradation during a period of 15000 s (Figure 20B). 

To explain the remarkable HER activity of FeNi3/NiFeOx, EIS measurements were 

carried out and electrochemical surface area (ECSA) was evaluated. Figure 20C displays the 

Nyquist plots of NiFeOx and FeNi3/NiFeOx collected at −0.20 V versus RHE. According to the 

Nyquist plots, NiFeOx and FeNi3/NiFeOx have different hydrogen evolution mechnisms at an 

overpotential of 200 mV. NiFeOx has a two-time-constant behavior, while FeNi3/NiFeOx 

shows a one-time-constant behavior. High-frequency semicircle is associated with the Rct 

[55,152]. The Rct (2.0 Ω) of the FeNi3/NiFeOx electrode is three times smaller than that (8.8 

Ω) of the NiFeOx electrode. This well explains the greatly enhanced HER activity of the 

FeNi3/NiFeOx electrode. To reveal the influence of surface area, the relatively ECSA of the 

catalysts was estimated to fully understand structure-activity relationship. Solving for the exact 

surface area is difficult due to the unknown capacitive behavior of the electrodes. Instead, the 

ECSA values of the catalysts were estimated from the Cdl, as Cdl is linearly proportional to 

effective active surface area [45,62,132]. The linear slope of the capacitive current against scan 

rate was used to indicate the ECSA. As shown in Figure 20D, the ECSA of the FeNi3/NiFeOx 

electrode only increases by 16% as compared to that of the NiFeOx electrode. This cannot 

explain the sharply increased HER activity observed for FeNi3/NiFeOx. It is thus proposed that 

the high HER activity of the FeNi3/NiFeOx electrode is primarily attributed to the 

nanostructured FeNi3 and the synergistic effect between FeNi3 and NiFeOx [112]. Owing to 
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the synergistic effect between FeNi3 and NiFeOx, the water reduction process can be highly 

enhanced at the FeNi3/NiFeOx interfaces. The FeNi3 part is believed to facilitate the 

electrochemical reduction of the absorbed H2O to form Had atoms, while the OH− ions 

generated from water dissociation may preferentially be trapped on the surface of NiFeOx due 

to the strong electrostatic affinity of the positively charged metal ions to the negatively changed 

OH− ions [43,44]. Note that the possible surface defects such as oxygen vacancies may be 

favorable for enhancing the water dissociation [108,117]. The hydrogen reduction treatment 

may bring about surface oxygen vacancies in FeNi3/NiFeOx, as evidenced by the O 1s XPS 

analysis. 

 

 

Figure 21. Electrochemical characterization of oxygen evolution reaction. (A) 

Polarization curves of bare Ni foam, IrO2, NiFeOx and FeNi3/NiFeOx in 1 M KOH. (B) 

Current-time characteristics of FeNi3/NiFeOx at an overpotential of 330 mV without iR-

correction. 
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Further, the catalytic activity towards OER was evaluated. Figure 21A shows the 

polarization curves of the NiFeOx and FeNi3/NiFeOx electrodes in 1 M KOH. For comparison, 

the polarization curves of bare Ni foam and IrO2 are presented. The bare Ni foam shows no 

OER activity at potentials below 1.55 V versus RHE, and thus the Ni substrates will not 

complicate the evaluation of other electrodes. The NiFeOx electrode shows similar OER 

activity to the noble IrO2 electrode. The onset potentials for the NiFeOx and IrO2 electrodes 

are about 1.49 V versus RHE, and both need a small overpotential of ~285 mV to offer a 

current density of 10 mA cm−2, indicative of the high catalytic activity of NiFeOx towards 

OER. Excitingly, the FeNi3/NiFeOx electrode has higher OER activity than the NiFeOx 

electrode. A smaller overpotential of ~246 is needed to reach the benchmark current density 

of 10 mA cm−2. The enhanced OER activity of FeNi3/NiFeOx can be primarily owing to 

enlarged ECSA and surface defects [112]. Oxygen vacant sites are believed to facilitate the 

adsorption of OH−, leading to fast OER kinetics [119,120,159]. The catalyst stability of 

FeNi3/NiFeOx-250 over OER was evaluated using chronoamperometry. As shown in Figure 

21B, the current density showed a very small degradation during a period of 6000 s. This 

suggests that FeNi3/NiFeOx also has high durability towards OER. 

To further corroborate its high catalytic activity, the catalytic performance of 

FeNi3/NiFeOx towards overall water splitting was evaluated in a two-electrode system, 

modeling the real electrolyzer. Figure 22A shows the polarization curve of the electrolyzer 

composed of FeNi3/NiFeOx anode and cathode electrodes. A current density of 10 mA cm−2 is 

achieved at a potential of 1.55 V, corresponding to an overpotential of 320 mV. This solidifies 

the superior activity of FeNi3/NiFeOx heterostructures towards both HER and OER. 

Importantly, the electrolyzer demonstrates excellent stability at a constant potential of 1.6 V in 
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1 M KOH at room temperature. As shown in Figure 22B, negligible degradation is observed 

in current density over 2000 s. 

 

 

Figure 22. Overall water splitting performance of FeNi3/NiFeOx in a two-electrode 

configuration in 1 M KOH. All the data are not iR-corrected. (A) Polarization curve. 

(B) Current-time characteristics at a voltage of 1.60 V. 

 

2.3.4 Conclusions 

FeNi3/NiFeOx heterostructures have been fabricated by hydrogen reduction treatment 

on NiFeOx nanosheets. The NiFeOx nanosheets are highly active towards OER, but highly 

enhanced OER activity is observed for the FeNi3/NiFeOx heterostructures owing to the 

enlarged surface area and possible surface defects. More importantly, the FeNi3/NiFeOx 

heterostructures enables fast hydrogen evolution due to the synergistic effect between FeNi3 

and NiFeOx. An overall-water-splitting current density of 10 mA cm−2 is achieved at a potential 

of 1.55 V with FeNi3/NiFeOx as both cathode and anode catalysts. This finding may pave a 

new way to the design and fabrication of earth-abundant, low-cost bifunctional electrocatalysts 

for overall water splitting. 
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CHAPTER 3 

STRUCTURE-ENGINEERED FIRST-ROW TRANSITION METAL DERIVATIVES AS 

ELECTROCATALYSTS FOR HYDRAZINE OXIDATION 

(The main content of this chapter was published in Frontiers of Materials Science, 2018, 12, 

45−52 entitled “Hierarchical nano-on-micro copper with enhanced catalytic activity 

towards electro-oxidation of hydrazine”, in Materials Science Frontiers, 2018, 2, 96−101 

entitled “Crystalline–amorphous Co@CoO core–shell heterostructures for efficient electro-

oxidation of hydrazine”, and in Materials Science Frontiers, 2018, 2, 369−375 entitled 

“Electrochemically tuned cobalt hydroxide carbonate with abundant grain boundaries for 

highly efficient electro-oxidation of hydrazine”.) 

3.1 Introduction 

3.1.1 Overview of Direct Hydrazine Fuel Cells 

Direct liquid fuel cells have many advantages over hydrogen-powered PEMFCs, such 

as convenient and fast refueling, easy storage and transport of liquid fuels, and so on [160]. 

DHFCs as a type of direct liquid fuel cells have other important merits, such as high theoretical 

standard equilibrium potential (1.56 V) and high-power density (5400 W h L−1) [5,161], that 

make them attractive for future energy conversion and supply. Additionally, DHFCs are free 

of carbon emissions with possibly only environmentally benign byproducts (H2O and N2). 

More importantly, DHFCs can operate even without the need of precious platinum-based 

catalysts that are the key components of many fuel cells including but not limited to PEMFCs 

and the DMFCs [1,160,162,163]. 
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Figure 23. Schematic diagram of a direct hydrazine fuel cell.  

 

Development of DHFCs can be traced back to the 1960s when Evans and Kordesch 

pioneered the work of the hydrazine-air fuel cells in liquid alkaline electrolytes [164]. As 

schematically shown in Figure 23, the fuel hydrazine is fed to the anode, where the hydrazine 

oxidation occurs under the assistance of the anode catalysts, while air in sent to the cathode, 

where the oxygen reduction occurs under the assistance of the anode catalysts. The net cell 

reaction is as follows [164]: 

 

O2 + N2H4 → N2 + 2H2O                                           (17) 

 

The oxidation of hydrazine on the anode is called half-reaction, involving a four-electron 

transfer. This half reaction in aqueous alkaline or acidic electrolytes can be written as follows 

[5,20]: 
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N2H4 + 4OH− → N2 + 4H2O + 4e− (alkaline)                  (18) 

N2H5
+ → N2 + 5H+ + 5e− (acid)                                      (19) 

 

However, the reaction mechanism or reaction pathway has not been unambiguously clarified. 

Petek et al. proposed one possible hydrazine oxidation pathway on the surface of Pt in alkaline 

media [165]: 

 

N2H4soln ↔ N2H4ads                                                      (20) 

N2H4ads + OH−
ads → N2H3ads + H2O + e−                     (21) 

N2H3ads + 3OH−
ads → N2 + 3H2O + 3e−                       (22) 

 

As depicted by the equations (20), (21) and (22), hydrazine molecules first adsorbe onto the 

surface of the anode catalyst; then the adsorbed hydrazine coupled with the nearby adsorbed 

OH− undergoes a one-electron oxidation that is considered the rate-determining step; the rest 

of the oxidation is a fast process. Rosca et al. proposed that N2H2 might be the intermediate 

during the hydrazine oxidation process [166]. Recently, in a case study of NiO catalyst, 

Sakamoto et al. found that the adsorption of OH− onto the Ni sites of NiO was the first step, 

then electron of OH− was localized to the 3d orbital of Ni, and hydrazine molecules were finally 

electrochemically oxidized [167]. Despite of the unclear mechanism, the catalyst surface surely 

plays a key role in the multistep oxidation of hydrazine, may affect the reaction pathway, and 

determines the fuel-cell performance. Currently, developing low-cost, high-performing 

electrocatalysts to replace the most efficient but high-cost catalyst Pt is still one of the big 

challenges. 
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3.1.2 Current Development of Electrocatalyst Materials for Hydrazine Oxidation 

3.1.2.1 Noble Metal Based Electrocatalysts 

 

 

Figure 24. (A) Cyclic voltammograms obtained at Pt(111), Pt(100), and Pt(110) in 0.1 M 

NaOH + 0.82 × 10−3 M N2H4 at 10 mV s−1 [166]. Reprinted with permission from Ref 166. 

Copyright 2008 Elsevier Ltd. (B) Cyclic voltammograms of (a) Ag/multi-walled carbon 

nanotube composite and (b) multi-walled carbon nanotubes in 0.1 M K2SO4 + 10 mM N2H4 at 

100 mV s−1 [171]. The inset is the plot of Ip versus v1/2, with the cyclic voltammograms of the 

Ag/multi-walled carbon nanotube composite collected in 0.1 M K2SO4 + 10 mM N2H4 at 

various rates in the inset (scan rates: 30, 50, 70, 90, and 110 mV s−1) [171]. Reprinted with 

permission from Ref 171. Copyright 2007 Elsevier B.V. 

 

Noble metal based materials such as Pt, silver (Ag), palladium (Pd), and gold (Au) have 

been explored as catalysts for electro-oxidation of hydrazine [165,166,168−177]. Metallic Pt-

based materials have been thoroughly studied, and insights in the reaction mechnism of 

hydrazine electro-oxidation are mainly derived from the experiments with Pt as the 

electrocatalysts [165,166,168,170]. Rosca et al. found that the surface facets of Pt crystals 
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exhibited different electrocatalytic activity towards hydrazine oxidation in alkaline 

electrolytes, that is, the activity trend, as shown in Figure 24A, was in the order of Pt(110) > 

Pt(100) > Pt(111) [166]. García et al. found that the onset potential of hydrazine oxidation on 

the surface of Pt continued to shift to a more negative value with the increase in roughness 

factor until a critical value of roughness factor was reached, and the negatively shifted onset 

potential was attributed to the higher proportion of (100) facets on the electrodispersed Pt 

electrode [168]. Pt nanocrystals supported on TiO2 nanotubes [178], TiO2 nanosheets[179], or 

graphene [180] have been investigated and shown to be promising catalysts for electro-

oxidation of hydrazine. 

Silver has attracted considerable attention due to its high conductivity, chemical 

stability, modest price, and good activity towards hydrazine oxidation [171−173,181−184]. 

Importantly, Ag catalysts offer high coulombic hydrazine efficiency and will less likely 

decompose hydrazine to produce hydrogen [183]. Li’s group deposited Ag nanocrystals on 

multi-walled carbon nanotubes by electrochemical reduction [171] or ultrasound irradiation 

[172]. As shown in Figure 24B, the hydrazine oxidation peak current (Ip) from the cyclic 

voltammogram is directly proportional to the square root of the corresponding scan rate (v1/2), 

indicating that the hydrazine oxidation of a diffusion-controlled process [171]. Further study 

showed that the catalytic performance increased with the Ag loading on the multi-walled 

carbon nanotubes [172]. Later, Ag nanoparticles deposited on various supports, such as carbon 

fibers [173], carbon black [181], and titanium sheet [182], have been studied and shown to be 

highly active towards electrocatalytic oxidation of hydrazine mainly because of the highly 

dispersed Ag nanoparticles and relatively large surface area. Bansal and co-authors found that 

the electrocatalytic behavior of silver nanoparticles was shape-dependent [184]. The 
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nanoprisms showed much higher catalytic activity than the nanocubes and the nanospheres, 

and the onset potentials for hydrazine oxidation were −0.63, −0.57, and −0.52 V versus 

Ag/AgCl in 1.0 M KOH + 50 mM N2H4 for nanoprisms, nanospheres and nanocubes, 

respectively [184]. 

 

 

Figure 25. (A) Cyclic voltammograms of the Au-TiO2-NTs/Ti and flat gold electrodes in 0.85 

mM N2H4 + 0.1 M phosphate buffer at 100 mV s−1 [185]. Reprinted with permission from Ref 

185. Copyright 2011 Elsevier B.V. (B) Cyclic voltammograms of Pd-ITO and Pd/WO3-ITO in 

5 mM N2H4SO4 + 0.1 M K2SO4 at 100 mV s−1 [47]. Reprinted with permission from Ref 47. 

Copyright 2007 Elsevier B.V. 

 

Compared to silver, less attention has paid to gold likely because of its high cost and 

relatively worse electrocatalytic activity towards hydrazine oxidation. Au nanocrystals 

anchored on TiO2 nanotubes (TiO2-NTs), which were grown on Ti sheet by anodic method, 

(Au/TiO2-NTs/Ti) were found to be highly active towards electro-oxidation of hydrazine 

[185]. As shown in Figure 25A, the current density on the Au/TiO2-NTs/Ti electrode is several 

times greater than that on the flat gold electrode, which may be attributed to the large specific 
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surface area of the Au/TiO2-NTs/Ti electrode [185]. Recently, citrate-capped Au nanoparticles 

on TiO2 nanocrystals showed markedly higher electrocatalytic activity towards hydrazine 

oxidation than Au nanoparticles and TiO2 nanocrystals due to the presence of citrate that 

possesses -COO− (acidic, electrophile) that can interact with -NH2 (basic moiety, nucleophile) 

of hydrazine [186]. 

Palladium has been extensively investigated as potential electrocatalysts for hydrazine 

oxidation [47,174−177,187−189]. Li’s group deposited Pd nanocrystals on single-walled 

carbon nanotubes by electrochemical deposition method [174], while Chen et al. anchored Pd 

nanocrystals on multi-walled carbon nanotubes by using benzyl mercaptan as a crosslinker 

[185]. Like in the case of Ag/multi-walled carbon nanotube composite, the hydrazine oxidation 

over Pd/single-walled carbon nanotube composite may be dependent on the diffusion of 

hydrazine [174]. As is expected, the electrocatalytic activity of Pd nanocrystals toward electro-

oxidation of hydrazine is facet-dependent, and the onset potentials were found to be about 

−0.48V, −0.43V, and −0.38 V versus Ag/AgCl for {110}-, {111}-, and {100}-faceted Pd 

nanocrystals in 0.1 M NaOH + 5 mM N2H4 [188]. Pd/metal oxide composites such as Pd/WO3 

and Pd/TiO2 have been studied and shown to possess higher catalytic activity than Pd [47,189]. 

Wang’s group electroplated Pd/WO3 composite film on the indium tin oxide (ITO) glass 

(Pd/WO3-ITO), and studied its electrocatalytic activity towards hydrazine oxidation [47]. As 

shown in Figure 25B, the peak current of the Pd/WO3-ITO electrode reached a current density 

of 106 μA, which was 1.7 times as high as that of the Pd-ITO glass electrode (62 μA) [47]. 

Li’s group found that Pd nanoparticles that were anchored on TiO2 nanotubes showed much 

higher electrocatalytic activity than both Pd nanoparticles on TiO2 particles and Pd 
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nanoparticles likely due to the uniform dispersion of Pd nanoparticles on TiO2 nanotubes and 

the unique properties of TiO2 nanotubes [189]. 

 

3.1.2.2 First-Row Transition Metal Based Electrocatalysts 

First-row transition metal (mainly Cu, Ni, and Co) based materials are intriguing and 

highly desirable due to their earth abundance, low cost, and decent catalytic activity towards 

electro-oxidation of hydrazine. Owing to the advance of nanotechnology, first-row transition 

metal based nanomaterials have improved greatly in catalytic performance over the past years 

[190−223]. 

 

 

Figure 26. (A) SEM image of nanoporous Cu film [193]. (B) Polarization curves of 

nanoporous Cu film, Cu plate, and Au [193]. Reprinted with permission from Ref 193. 

Copyright 2012 Elsevier B.V. 

 

Although bulk Cu presents low activity towards electro-oxidation of hydrazine [190], 

nanosized Cu has been shown to have considerably high activity [191−199]. Gao et al. 

prepared Cu/graphene composite by growing Cu nanocubes on graphene paper by means of 
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electrodeposition, and the Cu/graphene composite presented remarkable electrocatalytic 

activity towards hydrazine oxidation with an onset potential of −0.1 V versus Ag/AgCl in 1.0 

M KOH + 10 mM N2H4 [191]. In addition, they found that a copper hydroxide/oxide layer on 

the surface of Cu nanocrystals could enhance the activity and durability [191], which is 

consistent with the studies reported by Karim-Nezhad’s group [192]. Nanoporous Cu film 

(Figure 26A) was fabricated on Cu plate by an electrochemical dealloying process in HCl 

solution [193]. As shown in Figure 26B, the nanoporous Cu film exhibited superior catalytic 

activity with an onset potential of −0.87 V versus saturated calomel electrode (SCE) in 3.0 M 

NaOH + 1.0 M N2H4 [193]. Li et al. found that electrochemically reduced Cu nanowires had 

higher catalytic performance than chemically reduced Cu nanowires at high potentials, though 

they had an identical onset potential [195]. This was explained by the undesirable aggregation 

of adjacent nanowires during the chemical reduction process [195]. The surface aerophobicity 

of the catalysts may determine the behavior of gas accumulation and release and thus affect 

the ultimate operating performance of the catalysts. Sun’s group developed superaerophobic 

nanostructured Cu film electrodes for direct hydrazine fuel cells [196]. Apart from metallic Cu 

nanomaterials, CuO and Cu3P nanostructures have been recently studied as electrocatalysts for 

hydrazine oxidation [198,199]. Cu3P nanocrystals seem to have remarkable catalytic activity 

towards electro-oxidation of hydrazine. The Cu3P nanocrystals on carbon fibers drove the 

hydrazine oxidation at a low onset potential of below 0.0 V versus RHE and delivered a current 

density of 50 mA cm−2 at a potential of ~0.1 V versus RHE in 1.0 M KOH + 0.5 M N2H4 [199]. 
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Figure 27. (A) SEM image and (B) polarization curve of flower-like metallic Ni 

nanostructures on Ni foam [203]. Reprinted with permission from Ref 203. Copyright 2015 

Tsinghua University Press and Springer-Verlag Berlin Heidelberg. (C) SEM image and (D) 

polarization curve of flower-like metallic Co nanostructures on Ni foam [204]. Reprinted with 

permission from Ref 204. Copyright 2015 Elsevier B.V. 

 

Ni and Co metals were studied as electrocatalysts for hydrazine oxidation decades ago 

[200]. However, until recently have they been becoming more and more popular [201−205]. 

In 2009, Asazawa et al. reported that the Ni and Co electrodes had a lower onset potential for 

hydrazine oxidation than the Pt electrode [190]. In 2013, Cao’s group fabricated Co/carbon 

fiber composites, which showed a low onset potential of −1.1 V versus Ag/AgCl 1.0 M KOH 
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+ 20 mM N2H4 [201]. In 2014, Jeon and co-authors fabricated carbon/Ni core-shell 

nanostructures that presented an onset potential of 0.0 V versus RHE in 0.1 M NaOH + 0.1 M 

N2H4 [202]. These results prove that metallic Ni and Co nanostructures intrinsically possess 

high catalytic activity towards electro-oxidation of hydrazine. In addition, Jeon et al. found 

that metallic Ni sites were the active sites and that carbon shell could protect Ni core from 

oxidation in air [202]. As shown in Figure 27, flower-like metallic Ni and Co have been grown 

on Ni foam substrates as self-stand catalyst electrodes for hydrazine oxidation, and both 

demonstrated higher catalytic performance than the Pt-based catalysts [203,204]. Very 

recently, sulfides and phosphides have been shown to be remarkable electrocatalysts for 

hydrazine oxidation [206−210]. Generally, these nanomaterials have higher catalytic activity 

than the Pt-based catalysts, and the phosphides offer higher catalytic activity than the sulfides 

[206−210]. 

 

 

Figure 28. Polarization curves of Ni, Co, and Ni60Co40 in 1.0 M KOH + 0.1 M N2H4 [211]. 

Reprinted with permission from Ref 211. Copyright 2011 American Chemical Society. 
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Alloy materials have been of high interest owing to the possible synergistic effect 

between individual components of the alloy [161, 211−220]. In 2011, Sanabria-Chinchilla et 

al. investigated a series of Ni-based binary alloys (Ni-Co, Ni-Cu, Ni-Zn, Ni-Fe, Ni-Ag, Ni-

Mn, Ni-Zr, and Co-Zn) as electrocatalysts for hydrazine oxidation, and found that Ni60Co40 

alloy possessed the highest activity among these binary alloys [211]. As shown in Figure 28, 

Ni and Ni60Co40 presented similar onset potential while Co exhibited the lowest one; however, 

the Ni60Co40 offered the highest catalytic performance at potentials above ~0.3 V versus RHE 

[211]. Since then, amorphous NiCo alloy pompoms and single crystalline NiCo alloy 

nanosheets have been developed as high-activity electrocatalysts for hydrazine oxidation [161, 

213]. Ma’s group composited NiFe alloy with MoS2 nanosheets and graphene oxide for highly 

enhanced activity towards electro-oxidation of hydrazine [214−216]. 3D Ni-Cu alloy 

electrodes have been developed and exhibited high catalytic activity with a small onset 

potential [217,218]. The 3D nanotextured CuNi on Cu foam presented an onset potential of 

about −1.05 V versus Ag/AgCl in 6.0 M KOH + 1.0 M N2H4 [217], while the 

3D porous NiCu alloy film on Cu foil showed an onset potential of about −1.05 V versus SCE 

in 3.0 M NaOH + 0.1 M N2H4 [217]. The addition of Mo to metallic Ni, forming Ni-Mo alloy, 

can also improve the catalytic performance of metallic Ni [219]. 

 

3.2 Hierarchical Nano-on-Micro Copper with Enhanced Catalytic Activity towards 

Electro-Oxidation of Hydrazine 

3.2.1 Introduction 

Nanostructured Cu materials have shown to be highly active towards electro-oxidation 

of hydrazine [191−199]. It is still of significant importance to improve the catalytic 
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performance of Cu nanomaterials by architectural design, along with developing a simple and 

scalable synthesis route to such high-performing Cu electrodes. The catalytic performance of 

an electrode is directly related to its surface area, and increasing the surface area of the 

electrode by structural design could be a good strategy to enhance its catalytic performance. 

Another consideration is the conductivity of the catalysts. Metallic Cu itself should be highly 

conductive, but the polymer binder used to fabricate the electrodes will to some extent reduce 

the conductivity of the catalysts. Growing Cu nanostructures on the electrode substrates can 

avoid the usage of polymer binder and thus ensure the high conductivity of the metallic Cu. 

The 3D Ni foam substrates offer us such an opportunity to achieve these two goals 

simultaneously in designing Cu electrodes for electro-oxidation of hydrazine. Importantly, Ni 

foam has been proven a very good substrate for fabricating alkaline fuel cell electrodes in 

respect of cost and electrochemical performance [222]. 

 

 

Figure 29. Schematic of the preparation process of the nano-on-micro Cu electrode. 

 

As schematically shown in Figure 29, we have designed a 3D nano-on-micro Cu 

electrode for electro-oxidation of hydrazine. Firstly, microsized Cu crystals were grown on the 

Ni foam by the single-replacement reaction (Cu2+ + Ni → Cu + Ni2+). Then Cu2O nanowires 

were introduced onto the surface of the microsized Cu by a hydrothermal process. Finally, the 

3D nano-on-micro Cu electrode was achieved by in-situ electrochemical reduction of the Cu2O 
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nanowires to Cu nanocrystals. The 3D nano-on-micro Cu electrode presented high activity and 

good long-term stability. 

 

3.2.2 Experimental 

Materials Synthesis 

Synthesis of microsized Cu [221]. In a typical synthesis, a certain amount of 

Cu(NO3)2∙2.5H2O was dissolved in 35 mL of deionized water. A piece of nickel foam (~12 

cm2) was sonicated in 3 M HCl for 10 min to remove the possible surface oxide layer, and then 

washed with deionized water. The nickel foam was transferred into the Cu(NO3)2 solution at 

room temperature and undergone the single-replacement reaction for 12 h. Then the microsized 

Cu was collected, washed with deionized water, and dried naturally. The microsized Cu 

(micro-Cu) samples prepared at different Cu(NO3)2∙2.5H2O amounts (0.2, 0.3, or 0.4 mmol) in 

the reaction solutions are named micro-Cu-0.2, micro-Cu-0.3, and micro-Cu-0.4. 

Synthesis of nano-on-micro Cu [221]. The nano-on-micro Cu were prepared by 

introducing Cu nanocrystals onto the surface of the microsized Cu crystals on the Micro-Cu-

0.3 through a two-step process. First, Cu2O nanowires were grown on the surface of the 

microsized Cu by hydrothermal reaction. Typically, 0.2 mmol of Cu(NO3)2∙2.5H2O and 2 

mmol of urea were dissolved in 35 mL of deionized water. Then the solution and a piece of 

the microsized Cu electrode (~12 cm2) were transferred into a Teflon lined stainless steel 

autoclave (50 mL) for hydrothermal reaction at 100 °C for 5 h. When cooled down to room 

temperature, the intermediate product (Cu2O/Cu/Ni) was collected, washed with deionized 

water, and dried naturally. The hierarchical nano-on-micro Cu electrode was then achieved by 

in-situ cathodic reduction of the Cu2O/Cu/Ni electrode. In detail, cyclic voltammetry was 
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performed on the Cu2O/Cu/Ni electrode continuously in the voltage range from −1.3 to −0.8 

V versus Ag/AgCl in 1.0 M KOH + 0.5 M N2H4 at 10 mV s−1 until the shape of the 

voltammograms showed no further change to ensure complete reduction of the Cu2O. For 

consistency, cyclic voltammetry cycles were conducted on all electrodes before 

electrochemical characterization. 

Physical Characterization 

The SEM images were collected using a field emission scanning electron microscope 

(Supra55, Carl Zeiss). The TEM images were taken on a high-resolution transmission electron 

microscope (Tecnai G2 F30 S-TWIN) equipped with a scanning transmission electron 

microscope. The electron accelerating voltage for the transmission electron microscope was 

200 kV. Structural analysis was performed on a wide-angle X-ray diffractometer (D8 Advance, 

Bruker) using Cu Kα radiation (λ = 1.5418 Å). The elemental composition and chemical status 

of the electrodes were analyzed by using X-ray photoelectron spectroscopy (EscaLab 250, 

Thermo Fisher Scientific) with a monochromatic Al X-ray as the excitation source. 

Electrochemical Measurement 

Electrochemical measurements were carried out in a three-electrode system with a Pt 

wire electrode and a Ag/AgCl electrode as the counter electrode and the reference electrode, 

respectively. Linear sweep voltammetry was conducted in the voltage range from −1.2 to −0.7 

V versus Ag/AgCl at 10 mV s−1 to evaluate the catalytic performance of the catalysts. A 

mixture solution containing 0.5 M N2H4 and 1.0 M KOH was used as the electrolyte, unless 

otherwise stated. Long-term stability test was carried out by cyclic voltammetry in the voltage 

range from −1.1 to −0.85 V versus Ag/AgCl at 10 mV s−1. 
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To estimate the ECSA of the catalyst, the corresponding electrode was first undergone 

three cycles of linear sweep voltammograms at 5 mV s−1. Subsequently, cyclic voltammograms 

were collected at varied scan rates of 10, 20, 40, 60, and 80 mV s−1. The voltage window of 

the cyclic voltammograms was between ‒1.0 and ‒ 0.8 V versus Ag/AgCl. The double layer 

capacitance (Cdl) was estimated by plotting the Δj (Δj = ja−jc) against the scan rate, and the 

slope was twice of the Cdl. The ja and jc are the anodic and cathodic current densities, 

respectively, from the voltammograms at the potential of ‒0.85 V versus Ag/AgCl. 

 

3.2.3 Results and Discussion 

Owing to the reactivity between Ni and Cu2+ ions in aqueous solutions, it is challenging 

to directly grown Cu nanocrystals onto the surface of Ni foam. Instead, we made full advantage 

of the reactivity between Ni and Cu2+ ions in aqueous solutions, and fabricated the microsized 

Cu electrodes by growing microsized Cu crystals on the surface of Ni foam by the so called 

single replacement reaction. Then these microsized Cu electrodes were used as good substrates 

for fabricating nano-on-micro Cu electrodes. To obtain the optimized substrates, a series of 

microsized Cu electrodes were prepared by differing the Cu2+ concentration in the reaction 

solutions. As depicted by the SEM images of micro-Cu-0.2 (Figure 30A), micro-Cu-0.3 

(Figure 30B), and micro-Cu-0.4 (Figure 30C), the number of large Cu crystals increases with 

increasing the Cu2+ concentration. However, the Ni foam is fully covered by the Cu crystals in 

any case. Figure 30D shows the XRD patterns of micro-Cu-0.2, micro-Cu-0.3, and micro-Cu-

0.4. The peaks at 2θ = 43.3, 50.4 and 74.2 °C are assigned to the (111), (200) and (220) planes 

of metallic Cu (JCPDS 04-0836) [223,224]. As expected, the diffraction peaks corresponding 

to metallic Cu intensify with increasing the Cu2+ concentration, indicating increased mass 
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loading of Cu. Note that a small amount of Cu2O was generated as evidenced by the weak 

XRD pattern from Cu2O (JCPDS 05-0667). The peaks at 2θ = 36.4, 42.3 and 61.4 °C are 

ascribed to the (111), (200) and (220) planes of Cu2O (JCPDS 05-0667) [224,225]. 

 

 

Figure 30. SEM images of (A) micro-Cu-0.2, (B) micro-Cu-0.3, and (C) micro-Cu-0.4. (D) 

XRD patterns of (a) micro-Cu-0.2, (b) micro-Cu-0.3, and (c) micro-Cu-0.4. The symbols, ♦, 

*, and ○, indicate the XRD signals from Cu2O (JCPDS 05-0667), Cu (JCPDS 04-0836), and 

Ni (JCPDS 04-0850), respectively. 
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The criterion we apply to select an excellent substrate is that the substrate itself should 

possess good catalytic performance towards hydrazine oxidation. We thus evaluated the 

catalytic performance of micro-Cu-0.2, micro-Cu-0.3, and micro-Cu-0.4. For comparison, the 

catalytic performance of fresh Ni foam was tested. Figure 31 shows the polarization curves of 

the micro-Cu-0.2, micro-Cu-0.3, and micro-Cu-0.4 electrodes. Apparently, the micro-Cu-0.3 

electrode exhibited the highest catalytic performance. Therefore, micro-Cu-0.3 was selected 

as the substrate for growing Cu nanocrystals. 

 

 

Figure 31. Polarization curves of the micro-Cu-0.2, micro-Cu-0.3, and micro-Cu-0.4 

electrodes in 1.0 M KOH + 0.5 M N2H4. 

 

To introduce Cu nanocrystals onto the surface of micro-Cu-0.3, we first grew Cu2O 

nanowires onto the micro-Cu-0.3. As shown in Figure 32A, the microsized Cu crystals are 

covered with Cu2O nanowires. The HRTEM image of Cu2O nanowires the in Figure 32B 

displays the lattice fringes of the Cu2O nanowires. The d-spacing value was estimated to be 
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~0.87 nm, indexed to the (422) plane of Cu2O. XRD pattern indicates the generation of Cu2O, 

as the diffraction peaks from Cu2O are highly intensified for the Cu2O/Cu/Ni (Figure 32C). 

Then the Cu2O nanowires were electrochemically reduced into Cu nanocrystals. Figure 32D 

shows the voltammograms of the Cu2O/Cu/Ni electrode during the electrochemical reduction 

process. The initial large cathodic current densities below potentials of −1.1 versus Ag/AgCl 

implies the electrochemical reduction of the metastable Cu2O nanowires or other surface-

bound Cu+ species [226]. The anodic current density at −0.8 versus Ag/AgCl increased from 

41 to 88 mA cm−2 during the 10 cycles, and stabilized at 88 mA cm−2, indicating the complete 

reduction of Cu2O nanowires into Cu nanocrystals. 

 

 

Figure 32. SEM images of (A) Cu2O/Cu/Ni. (B) HRTEM image of the Cu2O nanowires. (C) 

XRD patterns of (a) micro-Cu-0.3 and (b) Cu2O/Cu/Ni. (D) Voltammograms of the fresh 

Cu2O/Cu/Ni electrode in 0.5 M N2H4 + 1.0 M KOH. The symbols, ♦, *, and ○, indicate the 

XRD signals from Cu2O (JCPDS 05-0667), Cu (JCPDS 04-0836), and Ni (JCPDS 04-0850), 

respectively. 

 

Figure 33A and 33B show the SEM images of the nano-on-micro Cu electrode. 

Obviously, the Cu2O nanowires were replaced by Cu nanocrystals. The TEM image in Figure 

33C shows the Cu nanocrystals and they have particle sizes of 10−25 nm. The d-spacing value 
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of 0.207 nm (inset in Figure 33C), corresponding to the (111) plane of metallic Cu crystal, 

confirms the formation of the Cu nanocrystals. Figure 33D demonstrates the XRD pattern of 

the nano-on-micro Cu. The disappearance of the XRD pattern from Cu2O evidences the 

complete reduction of the Cu2O nanowires, which is consistent with the SEM and TEM 

analysis. 

 

 

Figure 33. SEM (A, B) and TEM (C) images and XRD pattern (D) of the nano-on-micro Cu 

electrode. The inset in (C) is the corresponding HRTEM image. The symbols, * and ○, 

indicate the XRD signals from Cu (JCPDS 04-0836) and Ni (JCPDS 04-0850), respectively. 

 

 

Figure 34. XPS spectra of the Cu2O/Cu/Ni (a) and the nano-on-micro Cu electrode (b). 
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Figure 34 shows the XPS spectra of the Cu2O/Cu/Ni and the nano-on-micro Cu. The 

signals at 931.9 and 951.9 eV were derived from the Cu0 or Cu1+ [195]. The peaks at 934.2 

and 954.1 eV were ascribed to the Cu2+ species, and the two satellite peaks at 962.4 and 943.5 

eV were also characteristics of Cu2+ [195]. Apparently, the peak intensity corresponding to the 

Cu0 was dramatically intensified after the electrochemical reduction, again confirming the 

reduction of the Cu2O nanowires. Notice that the Cu2+ species present on the nano-on-micro 

Cu electrode may be the surface Cu(OH)2 and/or CuO [195,227]. 

 

 

Figure 35. (A) Polarization curves of the micro-Cu-0.3 electrode and the nano-on-micro Cu 

electrode. (B) Stability test of the nano-on-micro Cu electrode. (C) SEM image of the nano-

on-micro Cu electrode after stability test. 
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The catalytic activity of the catalysts was then systematically evaluated in a three-

electrode system in 1.0 M KOH + 0.5 M N2H4. Figure 35A shows the polarization curves of 

the micro-Cu-0.3 electrode and the nano-on-micro Cu electrode. For reference, the polarization 

curves of Ni foam and Cu wire are included. The bulk Cu, i.e. the Cu wire, has no catalytic 

activity towards hydrazine oxidation with a current density close to zero throughout the 

operating potential window (−1.1 – 0.7 V versus Ag/AgCl). The Ni foam can drive electro-

oxidation of hydrazine and shows an onset potential of about −0.98 V versus Ag/AgCl. The 

micro-Cu-0.3 electrode presents much higher activity as compared to the Ni foam, indicating 

the intrinsic good activity of Cu crystals on the microscale. The addition of Cu nanocrystals to 

the micro-Cu-0.3 electrode further improves the catalytic performance of the electrode, 

indicative of the high activity of nanostructured Cu crystals. In detail, the current densities at 

−0.9 V versus Ag/AgCl are 7.1, 20.3, and 38.6 mA cm−2 for the Ni foam, micro-Cu-0.3, and 

nano-on-micro Cu electrodes, respectively. Importantly, the nano-on-micro Cu electrode 

exhibits a low onset potential of −1.04 V versus Ag/AgCl. This makes the as-prepared nano-

on-micro Cu the best metallic Cu-based catalyst for hydrazine oxidation (Table 2). 

The stability of the catalysts is critical for their ultimate practical applications. The 

cycling stability of the nano-on-micro Cu electrode was investigated by cyclic voltammetry. 

Figure 36B displays the voltammograms of the nano-on-micro Cu electrode before and after 

100 repetitive cyclic voltammetry cycles. A small degradation (~5.7%) in anodic current 

density at −0.85 V versus Ag/AgCl was observed after the 100 cyclic voltammetry cycles. The 

SEM image (Figure 36C) shows that the morphology of the nano-on-micro Cu electrode is 
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maintained after the stability test, and that the Cu microcrystals are still well covered by the 

Cu nanocrystals. Therefore, the hierarchical nano-on-micro Cu electrode has good stability. 

Table 2 Comparison of onset potentials for various materials in electro-oxidation of hydrazine. 

Sample Electrolyte v (mV s−1) Con. of N2H4 (M) Uonset (V)a Ref. 

Cu/graphene paper 0.1 M KOH 100 0.01 −0.05 [191] 

Cu film on Cu plate 3.0 M NaOH 50 1.0 −0.82 [193] 

Cu/reduced graphene oxide 0.1 M KOH 100 0.0 −0.12 [194] 

Cu nanowires on Cu foil 3.0 M NaOH 25 1.0 −0.82 [195] 

Cu film on Cu Foil 3.0 M NaOH 5 1.0 −0.76 [196] 

Nanostructured Cu 9.0 M KOH 20 2.1 −0.96 [197] 

Nano-on-micro Cu 1.0 M KOH 10 0.5 −1.04 This work 

 3.0 M KOH 10 0.5 −1.07 This work 

(a) Uonset represents onset potential and all the potentials are relative to Ag/AgCl. 

 

To reveal the effect of the surface area of the catalyst on the catalytic performance, 

ECSA was introduced as the exact surface area was difficult to measure due to the unknown 

capacitive behavior of the electrodes. ECSA was estimated from the Cdl, as Cdl was linearly 

proportional to the effective active surface area [45,62,132]. Figure 36A and 36B show the 

voltammograms of the micro-Cu-0.3 electrode and the nano-on-micro Cu electrode at varying 

scan rates, respectively. The profile of the charging current density difference Δj (ja−jc) versus 

scan rate is then plotted and shown in Figure 36C. The ECSA of the nano-on-micro Cu 

electrode is estimated to be 3.7 times as large as that of the microsized Cu electrode. This 

suggests that the introduction of Cu nanocrystals greatly increases the effective surface area of 

the electrode and enhances the catalytic performance. The high catalytic performance of the 

nano-on-micro Cu electrode is thus primarily attributed to the Cu nanocrystals, along with the 

absence of traditional polymer binder. 

 



 

73 
 

 

Figure 36. Voltammograms of (A) the nano-on-micro Cu electrode and (B) the micro-Cu-0.3 

electrode collected at varied scan rates of 10, 20, 40, 60, and 80 mV s−1 in 1.0 M KOH. (C) 

Charging current density difference Δj (ja−jc) plotted against the scan rate. 

 

3.2.4 Conclusions 

In summary, we have designed an advanced hierarchical nano-on-micro electrode 

architecture that enables highly efficient electro-oxidation of hydrazine. The nano-on-micro 

Cu electrodes can be fabricated by a simple and scalable synthetic route, i.e., growing Cu 

microcrystals on the nickel foam and then introducing Cu nanocrystals onto the surface of the 

Cu microcrystals. The Cu nanocrystals introduce large surface area and offer high catalytic 
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performance towards the electro-oxidation of hydrazine. This study offers new insight into the 

architectural design of the catalyst electrodes for fuel cells. 

 

3.3 Crystalline-Amorphous Co@CoO Core-Shell Heterostructures for Electro-

Oxidation of Hydrazine 

3.3.1 Introduction 

First-row transition metals have been extensively explored as electrocatalysts for 

electro-oxidation of hydrazine. Among them, metallic Co seems to present the lowest onset 

potential towards electro-oxidation of hydrazine [190,211]. Importantly, Co exhibits higher 

catalytic performance than Pt at low potentials [190], indicating its high intrinsic activity. 

However, metallic Co catalysts show much worse catalytic performance at high potentials than 

other metallic catalysts such as Cu and Ag [190]. To take full advantage of the high intrinsic 

activity of metallic Co is thus of high industrial and scientific importance. 

Rational morphological design has been shown to be an efficient approach to improve 

the catalytic activity of Co nanostructures. For example, flower-like Co nanoparticles 

deposited on Ni foam present markedly high catalytic activity towards hydrazine oxidation, 

and even outperform the Pt/Ni foam electrode [204]. Alloying Co with Ni is another effective 

strategy to enhance the catalytic performance of Co at high potentials [211]. Recently, it is 

found that amorphous NiCo pompoms perform much better than Co and Ni throughout the 

operating potential window [161]. Despite these progress, it is still imperative to develop other 

efficient methods to achieve high-performing Co electrocatalysts. 

Inspired by the previous studies that the Ni/NiO and Co/Co3O4 metal/oxide core-shell 

nanostrucutres show greatly enhanced catalytic activity towards HER as compared to the 
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metallic counterparts [45,109], we herein fabricate Co/CoO core-shell nanostrucutres by a two-

step hydrothermal/solvothermal process. As schematically shown in Figure 37, the Co/CoO 

core-shell nanostrucutres are converted from Co(OH)x(CO3)0.5(2−x) nanosheets that 

hydrothermally grow on Ni foam by a solvothermal reduction reaction. The Co/CoO core-shell 

nanostructures exhibit high catalytic activity toward electro-oxidation of hydrazine, and the 

performance decay over the operating period is studied. 

 

 

Figure 37. Schematic illustration of the synthesis process of the Co@CoO electrode. 

 

3.3.2 Experimental 

Materials Synthesis 

Synthesis of cobalt hydroxide carbonate (Co(OH)x(CO3)0.5(2−x)) [205]. In a typical 

synthesis, 1.0 mmol of Co(NO3)2∙6H2O and 4.0 mmol of urea were dissolved in a mixture of 

25 mL of deionized water and 10 mL of ethanol. A piece of nickel foam (~12 cm2) was 

sonicated in 3 M HCl for 10 min to remove the possible surface oxide, and then washed with 

deionized water. The nickel foam was then transferred into the reaction solution, and then 

hydrothermal reaction was carried out in a Teflon lined stainless steel autoclave (50 mL) at 

100 °C for 10 h. After cooled down to room temperature, the product was collected, washed 
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with deionized water, and dried at 100 °C for 10 h. The Co(OH)x(CO3)0.5(2−x) powder on the 

bottom of the autoclave was also collected, washed with deionized water, and dried at 100 °C 

for 10 h. The mass loading of Co(OH)x(CO3)0.5(2−x) on the Ni foam was about 1.0 mg cm−2. 

Synthesis of cobalt@cobalt oxide (Co@CoO) [205]. Typically, 1.0 g of KOH and 0.5 

g of NaBH4 were dissolved in 35 mL of ethylene glycol. Then the solution was transferred to 

a 50 mL Teflon lined stainless steel autoclave with a piece of Ni foam covered with the as-

prepared Co(OH)x(CO3)0.5(2−x) in it. Solvothermal reduction reaction was carried out at 180 °C 

for 10 h. After cooled down to room temperature, the product was collected, washed with 

deionized water, and dried naturally. 

Physical Characterization 

The SEM images were collected using a field emission scanning electron microscope 

(Supra55, Carl Zeiss). The TEM images were taken on a high-resolution transmission electron 

microscope (Tecnai G2 F30 S-TWIN) equipped with a scanning transmission electron 

microscope. The electron accelerating voltage for the transmission electron microscope was 

200 kV. Structural analysis was performed on the Co(OH)x(CO3)0.5(2−x) powder with a wide-

angle X-ray diffractometer (D8 Advance, Bruker) using Cu Kα radiation (λ = 1.5418 Å). The 

elemental composition and chemical status of the electrodes were analyzed by using X-ray 

photoelectron spectroscopy (EscaLab 250, Thermo Fisher Scientific) with a monochromatic 

Al X-ray as the excitation source. All XPS spectra were calibrated with the C 1s peak (284.6 

eV). 

Electrochemical Measurement 

Electrochemical measurements were carried out in a three-electrode system at room 

temperature with a Pt wire and an Ag/AgCl electrode as the counter and reference electrodes, 
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respectively. Typically, 0.5 M N2H4 aqueous solution with 1.0 M KOH was used as the 

electrolyte. Linear sweep voltammetry was conducted at a scan rate of 5 mV s−1 to evaluate 

the catalytic performance of the working electrode. Long-term stability test was carried out by 

cyclic voltammetry in the potential range from −1.1 to −0.9 V versus Ag/AgCl at a scan rate 

of 20 mV s−1. 

 

3.3.3 Results and Discussion 

 

 

Figure 38. (A) SEM image of Ni foam. SEM (B, C), TEM (D), and HRTEM (E, F) images of 

Co@CoO. 

 

Figure 38A shows the SEM image of the bare Ni foam with a smooth surface. As shown 

in Figure 38B, the Ni foam is fully covered with Co@CoO. Magnified SEM (Figure 38C) and 

TEM (Figure 38D) images show that the sphere-like Co@CoO is relatively uniform in size. 

The HRTEM image in Figure 38E shows a sector of the Co@CoO sphere. The near-surface 
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part presents disordered structure, while the core part shows lattice fringes. The magnified 

HETEM image (Figure 38F) confirms that the core is crystallized and that the shell is 

amorphous phase. In addition, the crystalline core is composed of multiple nanocrystals of 

different orientations, indicating the polycrystalline nature of the metallic Co core. The d-

spacing of 0.21 nm corresponds to the (100) plane of metallic Co (JCPDS 05-0727). The 

amorphous CoO layer has an average thickness of ~4 nm. 

XRD characterization was performed to examine the phase composition of the 

Co@CoO. As shown in Figure 39A, only signals from metallic Co were observed in the XRD 

pattern of the Co@CoO. This is consistent with the HRTEM analysis. Note that the metallic 

Co core is comprised of two phases: cubic phase (JCPDS 15-0806) and hexagonal phase 

(JCPDS 05-0727). The average grain size was estimated using the Scherrer's equation: d = 

(kλ)/(βcosθ), where k is the shape factor with a typical value of 0.9, λ is the X-ray wavelength, 

β is the full width at half maximum, θ is the Bragg angle and d is the grain size. It is calculated 

to be about 9 nm. XPS characterization was used to analyze the surface chemical states of the 

Co@CoO. The XPS survey spectrum proved the presence of Co and O (Figure 39B). Ni was 

absent in the Co@CoO, as evidenced by the XPS spectra in Figure 39B and 39C. Figure 39B 

displays the Co 2p core-level XPS spectrum, which was fitted into two primary peaks at 796.8 

eV (Co 2p1/2) and 780.8 eV (Co p3/2), corresponding to the signals from the Co2+ ions in CoO 

[144,228,229]. This confirms that the surface amorphous layer is amorphous CoO. 



 

79 
 

 

Figure 39. (A) XRD pattern, (B) XPS survey, (C) Ni 2p XPS spectrum, and (D) Co 2p XPS 

spectrum of the Co@CoO. The symbols, # and *, indicate two different metallic Co phases 

of (JCPDS 15-0806) and (JCPDS 05-0727), respectively. 
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Figure 40. (A) Polarization curves of the Co@CoO and Ni foam electrodes in 1.0 M KOH 

with 0.5 M N2H4. (B) Polarization curves of the Co@CoO electrode in 0.5 M N2H4 with 

different KOH concentrations. 

 

The electrocatalytic performance of the Co@CoO heterostructure towards hydrazine 

oxidation was evaluated in a three-electrode system with 1.0 M KOH + 0.5 M N2H4 as the 

electrolyte. Figure 40A shows the polarization curves of the Co@CoO electrode and the 

control electrode (bare Ni foam). The bare Ni foam showed negligible catalytic activity 

throughout the operating potential window. The Co@CoO electrode presented a small onset 

potential of −1.10 V versus Ag/AgCl, which is among the lowest reported in the literature for 

electro-oxidation of hydrazine (Table 3), and delivered a high current density of 67.6 mA cm−2 

at −0.90 V versus Ag/AgCl. It has been reported that copper hydroxide/oxide layers in situ 

formed on the Cu nanocubes play an important role in enhancing the catalytic activity of the 

catalyst towards electro-oxidation of hydrazine [47]. The high activity of the Co@CoO 

nanostructure is thus also attributed to the synergistic effect between metal and oxide. That is, 

the Co/CoO interfaces offer the highest activity. The metallic Co core likely acts as the electron 

reservoir for fast transfer of electrons from hydrazine to the catalyst electrode while the Co2+ 
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sites on the amorphous CoO shell promote the adsorption of OH− due to the strong electrostatic 

affinity to the positively charged Co2+ species and more unfilled d orbitals in Co2+ species than 

metallic Co [43,44]. It has been proposed that the adsorption of OH− is the first step in the 

electro-oxidation of hydrazine [167], and that the initial one-electron transfer between N2H4 

and OH− (N2H4ads + OH− → N2H3 + H2O + e−) is the rate-determining step [165,191]. 

Therefore, the fast charge transfer and the enhanced adsorption of OH− collectively accelerate 

the hydrazine oxidation reaction on the surface of the Co@CoO heterostructures. 

 

Table 2 Comparison of onset potentials for various materials in electro-oxidation of hydrazine. 

Sample Electrolyte v (mV s−1) Con. of N2H4 (M) Uonset (V)a Ref. 

Co 1.0 M KOH 20 0.1 −1.06 [161] 

Cu Nanowires on Cu foil 3.0 M NaOH 25 1.0 −0.82 [195] 

Cu film on Cu Foil 3.0 M NaOH 5 1.0 −0.76 [196] 

Ni nanoflowers on Ni foam 3.0 M KOH 1 0.5 −1.05 [203] 

Co on Ni foam 1.0 NaOH 50 0.03 −1.06 [204] 

Ni60Co40 alloy 1.0 M KOH 20 0.1 −1.17 [211] 

Co@CoO 1.0 M KOH 10 0.5 −1.10 This work 

 2.0 M KOH 10 0.5 −1.13 This work 

(a) Uonset represents onset potential and all the potentials in this table are relative to Ag/AgCl. 

 

The effect of KOH concentration on the electrocatalytic activity was evaluated at a 

fixed N2H4 concentration of 0.5 M. Figure 40B displays the polarization curves of the 

Co@CoO electrode at various KOH concentrations. The catalytic performance improved 

significantly with the KOH concentration. For example, the onset potential for hydrazine 

oxidation on the Co@CoO electrode continues to shift to the more negative value with 

increasing the KOH concentration. This suggests that the hydrazine electro-oxidation reaction 

on the Co@CoO electrode is highly dependent on the concentration of OH−, which agrees well 
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with the previous studies that OH− plays a critical role in breaking hydrazine into nitrogen and 

water during the electro-oxidation of hydrazine in alkaline media [165,167,191]. 

 

 

Figure 41. (A) The 1st (black) and the 100th (red) cyclic voltammograms of the Co@CoO 

electrode during 100 cycles. (B) Polarization curves of the Co@CoO electrode collected before 

(black) and after (red) 100 cycles. 

 

The long-term stability of a catalyst is critical for its practical applications. The catalyst 

stability of Co@CoO towards hydrazine oxidation was evaluated by running 100 consecutive 

cyclic voltammetry cycles. Figure 41A shows the 1st and the 100th voltammograms of the 

Co@CoO electrode. A loss of 11% in the current density at −0.9 V versus Ag/AgCl was 

observed after 100 cycles. The polarization curve of the Co@CoO electrode was collected after 

the 100 cycles. As shown in Figure 41B, the current density loss at −0.9 V versus Ag/AgCl 

was about 6.2% after the 100 cycles. To reveal the origin of the catalyst decay, SEM, HRTEM 

and XPS studies were conducted on the cycled Co@CoO electrode. There is no obvious 

morphological change when comparing the SEM image of the cycled Co@CoO (Figure 42A) 

with that of the pristine Co@CoO (Figure 38C). However, the HRTEM image (Figure 42B) 
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revealed that the average thickness of the amorphous CoO layer reduced greatly to around 1 

nm after 100 cycles. The metallic core did not demonstrate observable change with the d-

spacing of 0.21 nm corresponding to the (100) plane of metallic Co (JCPDS 05-0727). The 

XPS analysis revealed that the surface chemical states of cobalt were maintained (Figure 42C). 

It is thus proposed that the catalyst decay is resulted from the deterioration of surface 

amorphous CoO layers. On the other hand, this implies the important role of the surface 

amorphous CoO layers in enhancing the catalytic activity of nanostructured metallic Co 

catalysts towards hydrazine electro-oxidation. 

 

 

Figure 42. (A) SEM and (B) HRTEM images of the Co@CoO after stability test. (C) Co 2p 

XPS spectra of the Co@CoO electrode before (a) and after (b) stability test. 

 

3.3.4 Conclusions 

In summary, we have rationally designed and synthesized crystalline-amorphous 

Co@CoO core-shell heterostructures by virtue of solvothermal reduction of cobalt hydroxide 

carbonate that was grown on Ni foam under hydrothermal reaction. The crystalline-amorphous 

Co@CoO core-shell heterostructures demonstrate high electrocatalytic performance towards 

hydrazine oxidation in alkaline solutions, showing a small onset potential of −1.10 V versus 
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Ag/AgCl and decent long-term stability. The high catalytic performance can be attributed to 

the synergistic effect between the crystalline metallic Co core and the amorphous CoO shell. 

The low-cost, earth-abundant cobalt hydroxide carbonate can be a competitive candidate 

catalyst for direct hydrazine fuel cells. 

 

3.4 Electrochemically Tuned Cobalt Hydroxide Carbonate with Abundant Grain 

Boundaries for Electro-Oxidation of Hydrazine 

3.4.1 Introduction 

First-row transition metals have been attracting much attention for applications as 

electrocatalysts for hydrazine oxidation [190,191,193−197,201−204,211−220], while their 

non-metallic counterparts, such as hydroxides and oxides, have obtained much less attention 

mainly owing to their relatively poor catalytic activity [167,198, 230−232]. Recently, first-

transition metal sulfides and phosphides have been shown to intrinsically possess high activity 

[199,206−210,]. However, the synthesis of these materials involves toxic reagents and 

complex processing. It is thus of great importance to develop oxide/hydroxide electrocatalysts 

as hydroxides and oxides are easily processable, low cost, and widely available. Structural 

modification or reconstruction may be an effective method to impart these inert 

hydroxide/oxide materials high activity, as it has been shown to drastically enhance the activity 

of the existing materials towards many applications. Chen et al. found that the surface-

amorphized TiO2 nanocrystals photocatalytically produced as high as 800 times the amount of 

H2 produced by the unmodified TiO2 in 100 h [148]. Wang et al. used an electrochemical 

method to turn the inert first-row transition metal oxide nanoparticles into highly active 

electrocatalysts for water electrolysis by electrochemically transforming the oxide 
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nanocrystals into ultrasmall nanoparticles [135]. Wang’s group also employed a similar 

method to reduce zinc oxide into interconnected Zn nanoparticles with enriched grain 

boundaries and observed a five-fold improvement towards CO2 reduction at an overpotential 

of −948 mV, as compared to the grain-boundary-free Zn nanoparticles [40]. 

Inspired by these studies, we developed an in-situ electrochemical tuning method to 

convert the Co(OH)x(CO3)0.5(2−x) crystals into interconnected ultrafine nanoparticles with 

abundant grain boundaries, turning the otherwise inactive material into one of the most 

effective non-metallic catalysts for hydrazine oxidation. To the best of knowledge, this is the 

first report on the application of Co(OH)x(CO3)0.5(2−x) as a potential low-cost yet highly 

efficient catalyst for hydrazine fuel cells. The abundant grain boundaries of the 

electrochemically tuned Co(OH)x(CO3)0.5(2−x) (ECT-Co(OH)x(CO3)0.5(2−x)) contribute to a high 

cathodic current density of 62.4 mA cm−2 at a potential of −0.90 V versus Ag/AgCl, 

representing a 27-fold improvement compared to the pristine Co(OH)x(CO3)0.5(2−x). In addition, 

ECT-Co(OH)x(CO3)0.5(2−x) has good long-term catalyst stability. 

 

3.4.2 Experimental 

Materials Synthesis 

Synthesis of cobalt hydroxide carbonate (Co(OH)x(CO3)0.5(2−x)) [205,233]. In a 

typical synthesis, 1.0 mmol of Co(NO3)2∙6H2O and 4.0 mmol of urea were dissolved in a 

mixture solution containing 25 mL of deionized water and 10 mL of ethanol. A piece of nickel 

foam (~12 cm2) was sonicated in 3 M HCl for 10 min to remove the possible surface oxide 

layer, and then washed with deionized water. The nickel foam was transferred into the reaction 

solution, and then hydrothermal reaction was carried out in a Teflon lined stainless steel 
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autoclave (50 mL) at 100 °C for 10 h. After cooled down to room temperature, the product was 

collected, washed with deionized water, and dried at 100 °C for 10 h. The Co(OH)x(CO3)0.5(2−x) 

powder on the bottom of the autoclave was also collected, washed with deionized water, and 

dried at 100 °C for 10 h. The mass loading of Co(OH)x(CO3)0.5(2−x) was ~1.0 mg cm−2. 

Synthesis of cobalt oxide (Co3O4) [233]. Co3O4 was prepared by annealing the as-

prepared Co(OH)x(CO3)0.5(2−x) at 350 °C in air for 2 h. 

Synthesis of cobalt hydroxide (Co(OH)2) [233]. Typically, 4.0 mmol of 

Co(NO3)2∙6H2O and 8.0 mmol of hexamethylene tetramine were dissolved in a mixture 

solution of 40 mL deionized water and 20 mL ethanol. A piece of nickel foam (4 cm × 4 cm) 

was sonicated in 3 M HCl for 10 min to remove the possible surface oxide layer. After washed 

with deionized water, the acid-treated nickel foam was transferred into the as-prepared 

solution, and then hydrothermal reaction was carried out in a capped glass bottle (100 mL) at 

90 °C for 10 h. After cooled down to room temperature, the product was collected, washed 

with deionized water, and dried at 100 °C for 10 h. The mass loading of Co(OH)2 was ~1.0 mg 

cm−2. 

Synthesis of nickel hydroxide (Ni(OH)2) [233]. Typically, 1.5 mmol of 

Ni(NO3)2∙6H2O and 6.0 mmol of urea were dissolved in 35 mL of deionized water. A piece of 

nickel foam (4 cm × 4 cm) was sonicated in 3 M HCl for 10 min to remove the possible surface 

oxide layer. After washed with deionized water, the acid-treated nickel foam was transferred 

into the as-prepared solution, and then hydrothermal reaction was carried out in a Teflon lined 

stainless steel autoclave (50 mL) at 120 °C for 8 h. After cooled down to room temperature, 

the product was collected, washed with deionized water, and dried at 100 °C for 10 h. The 

mass loading of Ni(OH)2 was ~1.1 mg cm−2. 
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Electrochemical tuning [233]. Typically, eighty cycles of cyclic voltammograms was 

performed on the Co(OH)x(CO3)0.5(2−x) electrode in the voltage range from −1.2 to −0.95 V 

versus Ag/AgCl at a scan rate of 20 mV s−1 in 1.0 M KOH + 0.5 M N2H4. The Co3O4, Co(OH)2 

and Ni(OH)2 electrodes were electrochemically tuned under the same conditions before further 

electrochemical evaluation, and designated as ECT-Co3O4, ECT-Co(OH)2 and ECT-Ni(OH)2, 

respectively. 

Physical Characterization 

The SEM images were collected using a field emission scanning electron microscope 

(Supra55, Carl Zeiss). The TEM images were taken on a high-resolution transmission electron 

microscope (Tecnai G2 F30 S-TWIN) equipped with a scanning transmission electron 

microscope. The electron accelerating voltage for the transmission electron microscope was 

200 kV. Structural analysis was performed with the collected Co(OH)x(CO3)0.5(2−x) powder on 

a wide-angle X-ray diffractometer (D8 Advance, Bruker) using Cu Kα radiation (λ = 1.5418 

Å). The elemental composition and chemical status of the electrodes were analyzed by using 

X-ray photoelectron spectroscopy (EscaLab 250, Thermo Fisher Scientific) with a 

monochromatic Al X-ray as the excitation source. All XPS spectra were calibrated with the C 

1s peak (284.6 eV). 

Electrochemical Measurement 

Electrochemical measurements were carried out in a three-electrode system with a Pt 

wire and an Ag/AgCl electrode as the counter and reference electrodes, respectively. Typically, 

0.5 M N2H4 aqueous solution with 1.0 M KOH was used as the electrolyte. Linear sweep 

voltammetry was conducted at 5 mV s−1 to evaluate the catalytic performance of the working 
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electrode. Long-term stability was evaluated by cyclic voltammetry measurement for 350 

cycles in the voltage range from −1.2 to −0.9 V versus Ag/AgCl at 20 mV s−1. 

To estimate the ECSA, the electrochemically tuned electrode was first undergone three 

cycles of linear sweep voltammograms at a scan rate of 5 mV s−1. Subsequently, cyclic 

voltammograms were collected at varied scan rates, that is, 5, 10, 20, 40, 60, and 80 mV s−1. 

The potential window of the cyclic voltammograms was between ‒1.0 and ‒ 0.9 V versus 

Ag/AgCl. The double layer capacitance (Cdl) was estimated by plotting the Δj (Δj = ja−jc) 

against the scan rate, and the slope was twice of the Cdl. The ja and jc are the anodic and cathodic 

current densities, respectively, from the voltammograms at the potential of ‒0.95 V versus 

Ag/AgCl. 

 

3.4.3 Results and Discussion 

First, we investigated the effect of the Co(NO3)2 concentration on the morphology and 

mass loading of Co(OH)x(CO3)0.5(2−x), and as well studied the effect of these factors on the 

catalytic performance of the ETC-Co(OH)x(CO3)0.5(2−x). Figure 43 shows the SEM images of 

the Co(OH)x(CO3)0.5(2−x) with different mass loadings synthesized by varying the concentration 

of Co(NO3)2 in the reaction solutions. At a low Co(NO3)2 concentration of 14.3 mM, the Ni 

foam is covered with well-defined nanosheets (Figure 43A). At a higher concentration of 28.6 

mM, a thick film is obtained with ultralarge nanosheets thinly distributed on the surface of the 

thick film (Figure 43B). With increasing the Co(NO3)2 concentration to 57.1 mM, the surface 

nanosheets become larger and have a denser distribution (Figure 43C).  
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Figure 43. SEM image of the Co(OH)x(CO3)0.5(2−x) with different mass loadings on the Ni 

foam substrate: (A) 0.5 mg cm−2, (B) 1.0 mg cm−2, and (C) 2.2 mg cm−2. 

 

 

Figure 44. Polarization curves of the ECT-Co(OH)x(CO3)0.5(2−x) electrodes with different 

mass loadings. 

 

The effect of the mass loading of Co(OH)x(CO3)0.5(2−x) on the catalytic performance 

was then examined. Figure 44 shows the polarization curves of the ECT-Co(OH)x(CO3)0.5(2−x) 

electrodes with various mass loadings. Apparently, a mass loading of 1.0 mg cm−2 is the 

optimal one. In detail, a lower mass loading will result in worse catalytic performance, while 

increasing the mass loading will not further increase the catalytic performance. Therefore, we 

selected the sample with a mass loading of 1.0 mg cm−2 as the representative and examined the 
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effect of electrochemical tuning on the morphology. Figure 45 demonstrates the SEM images 

of the ECT-Co(OH)x(CO3)0.5(2−x). As shown in Figure 45A and 45B, the morphology does not 

show big change, except that the vertically aligned nanosheets are now horizontally dispersed. 

 

 

Figure 45. (A and B) SEM images, (C) TEM and (D and E) HRTEM images, and (F) XRD 

pattern of the ECT-Co(OH)x(CO3)0.5(2−x). 

 

 

Figure 46. HRTEM images of (A, B) Co(OH)x(CO3)0.5(2−x) and (C, D) ECT-

Co(OH)x(CO3)0.5(2−x). 
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Further, TEM measurement was conducted on both Co(OH)x(CO3)0.5(2−x) and ECT-

Co(OH)x(CO3)0.5(2−x) to evaluate the possible microstructural difference. Figure 46A displays 

the TEM image of Co(OH)x(CO3)0.5(2−x) nanosheets. The HRTEM image shows clear lattice 

fringes (Figure 46B), indicative of the good crystallinity of the as-prepared 

Co(OH)x(CO3)0.5(2−x). The d-spacing of 0.442 nm is close to the (001) plane of Co(OH)(CO3)0.5 

(JCPDS 48-0083), suggesting the formation of the Co(OH)x(CO3)0.5(2−x). Note that the holes in 

the Co(OH)x(CO3)0.5(2−x) nanosheet in Figure 46B were derived from the high-energy electron 

beam during the HRTEM characterization. The elevated local temperature by the high-energy 

electron beam decomposed some domains of the Co(OH)x(CO3)0.5(2−x) nanosheet. The TEM 

image of ECT-Co(OH)x(CO3)0.5(2−x) (Figure 46C) shows that its morphology is similar to that 

of the pristine Co(OH)x(CO3)0.5(2−x). The HRTEM image (Figure 46D), however, tells another 

story that the ECT-Co(OH)x(CO3)0.5(2−x) nanosheets are comprised of numerous unltrafine 

interconnected nanocrystals of 2−3 nm, creating rich grain boundaries. This proves the high 

effectiveness of our electrochemical tuning method in transforming relatively large 

nanocrystals of Co(OH)x(CO3)0.5(2−x) into ultrafine nanocrystals with abundant grain 

boundaries. The inset in Figure 46D shows the lattice fringe of one of the ultrasmall 

nanoparticles. The d-spacing of 0.201 nm was indexed to the (050) plane of Co(OH)(CO3)0.5 

(JCPDS 48-0083). This suggests that the phase did not change after the electrochemical tuning. 

XRD analysis was further used to characterize the phase composition of the ECT-

Co(OH)x(CO3)0.5(2−x). The XRD patterns (Figure 47A) of the Co(OH)x(CO3)0.5(2−x) and ECT-

Co(OH)x(CO3)0.5(2−x) are similar and both match well with the XRD patterns of the 

Co(OH)x(CO3)0.5(2−x) materials reported in the literature [234−237]. The diffraction peaks of 

the ECT-Co(OH)x(CO3)0.5(2−x) became weaker, likely due to the ultra-small sizes of the 
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nanocrystals in the ECT-Co(OH)x(CO3)0.5(2−x) and their decreased crystallinity caused by the 

abundant grain boundaries. However, the percentage of to the (200) and (301) crystal planes 

increased after electrochemical tuning, as evidenced by the stronger diffraction signals at 2θ ≈ 

14.4° and 24.0° in the XRD pattern of the ECT-Co(OH)x(CO3)0.5(2−x) [236]. 

 

 

Figure 47. XRD patterns (A) and Co 2p XPS spectra (B) of (a) Co(OH)x(CO3)0.5(2−x) and (b) 

ECT-Co(OH)x(CO3)0.5(2−x). 

 

The Co 2p XPS spectra of the Co(OH)x(CO3)0.5(2−x) (a) and ECT-Co(OH)x(CO3)0.5(2−x) 

are shown in Figure 47B. The two similar Co 2p XPS spectra suggest similar surface chemical 

states of Co in the Co(OH)x(CO3)0.5(2−x) and ECT-Co(OH)x(CO3)0.5(2−x). The signals at 781.0 

eV from Co 2p3/2 and at 797.0 eV from the Co 2p1/2 were ascribed to the Co2+ species [238,239]. 

Note that the Co 2p peaks at 781.0 and 797.0 eV were intensified for the ECT-

Co(OH)x(CO3)0.5(2−x). This suggested the increased surface Co2+ sites after the electrochemical 

tuning, which could be to the consequence of the abundant grain boundaries in the ECT-

Co(OH)x(CO3)0.5(2−x). 
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Figure 48. Polarization curves of the ECT-Co(OH)x(CO3)0.5(2−x) and pristine 

Co(OH)x(CO3)0.5(2−x) electrodes. 

 

The catalytic properties of the ECT-Co(OH)x(CO3)0.5(2−x) and pristine 

Co(OH)x(CO3)0.5(2−x) electrodes towards electro-oxidation of hydrazine were studied in a three-

electrode system with an aqueous electrolyte containing 0.5 M N2H4 and 1.0 M KOH. Figure 

48A displays the polarization curves of the ECT-Co(OH)x(CO3)0.5(2−x) and pristine 

Co(OH)x(CO3)0.5(2−x). The pristine Co(OH)x(CO3)0.5(2−x) was found to be inactive towards 

hydrazine oxidation at potentials below −0.90 V versus Ag/AgCl. The current density of the 

pristine Co(OH)x(CO3)0.5(2−x) electrode only reached ~2.2 mA cm−2 at a relatively high 

potential of −0.90 V versus Ag/AgCl. Excitingly, the ECT-Co(OH)x(CO3)0.5(2−x) showed high 

activity, delivering a markedly high current density of ~62.4 mA cm−2 at −0.90 V versus 

Ag/AgCl. This represented a 27-fold improvement after the electrochemical tuning. On the 

other hand, the onset potential, defined as the potential where the current density reaches 1.0 

mA cm−2, was found to be −1.12 versus Ag/AgCl for the ECT-Co(OH)x(CO3)0.5(2−x) electrode. 
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This is a dramatic decrease of 180 mV as compared to that of the pristine Co(OH)x(CO3)0.5(2−x) 

electrode, confirming the high activity of the ECT-Co(OH)x(CO3)0.5(2−x) electrode. The onset 

potential of the ECT-Co(OH)x(CO3)0.5(2−x) electrode is among the lowest as compared to those 

reported in the literature (Table 4). More importantly, the synthesis method is free of harsh 

conditions and simple, and only inexpensive source materials are used. 

 

Table 4 Comparison of onset potentials for various materials in electro-oxidation of hydrazine. 

Sample Electrolyte v (mV s−1) Con. of N2H4 (M) Uonset (V)a Ref. 

Cu Nanowires on Cu foil 3.0 M NaOH 25 1.0 −0.82 [195] 

Cu film on Cu Foil 3.0 M NaOH 5 1.0 −0.76 [196] 

Nanostructured Cu 9.0 M KOH 20 2.1 −0.96 [197] 

Co/carbon fiber cloth 1.0 M KOH 10 0.02 −1.10 [201] 

Ni nanoflowers on Ni foam 3.0 M KOH 1 0.5 −1.05 [203] 

Ni2P on Ni foam 1.0 M KOH 5 0.5 −1.12 [206] 

NiS2 nanosheets on Ti mesh 1.0 M KOH 5 0.5 −0.98 [208] 

CoP nanoarrays on Ti mesh 1.0 M KOH 5 0.5 −1.08 [210] 

Ni60Co40 alloy 1.0 M KOH 20 0.1 −1.17 [211] 

ECT-Co(OH)x(CO3)0.5(2−x) 1.0 M KOH 5 0.5 −1.12 This work 

(a) All the potentials are relative to Ag/AgCl. 

 

It is proposed that the high catalytic activity is related to the numerous grain boundaries 

in ECT-Co(OH)x(CO3)0.5(2−x). While it is impossible to quantitatively measure the grain 

boundaries, the ECSA may be measured and to some extent reflect the quantity of the grain 

boundaries, since ECSA is proportional to the number of surface active sites. Figure 49A and 

49B show the voltammograms of the ECT-Co(OH)x(CO3)0.5(2−x) and the pristine 

Co(OH)x(CO3)0.5(2−x) at varying scan rates, respectively. ECSA was estimated from the Cdl, as 

Cdl was linearly proportional to the effective active surface area [45,62,132]. The profile of the 

charging current density difference Δj (ja−jc) versus scan rate is shown in Figure 49C. The 
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ECSA of the ECT-Co(OH)x(CO3)0.5(2−x) electrode is calculated to be 16.1 times as high as that 

of the pristine Co(OH)x(CO3)0.5(2−x) electrode. It is believed that the large ECSA of the ECT-

Co(OH)x(CO3)0.5(2−x) leads to its dramatically improved catalytic performance, while the large 

ECSA is undoubtedly derived from the abundant grain boundaries. 

 

 

Figure 49. Voltammograms of the (A) Co(OH)x(CO3)0.5(2−x) and (B) ECT-

Co(OH)x(CO3)0.5(2−x) electrodes collected at varying scan rates in 1.0 M KOH. (C) Charging 

current density difference Δj (ja−jc) plotted against scan rate. 
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Further, normalized current density was calculated by dividing the current density with 

the relative ECSA. The relative ECSA of the pristine Co(OH)x(CO3)0.5(2−x) was set as 1. The 

normalized current density of the ECT-Co(OH)x(CO3)0.5(2−x) electrode (3.9 mA cm−2) was 

about 1.8 times that of the pristine Co(OH)x(CO3)0.5(2−x) electrode (2.2 mA cm−2) at the 

potential of −0.9 V versus Ag/AgCl. This suggests that the active grain boundary sites are 

superior to the regular active sites on the surface of the pristine Co(OH)x(CO3)0.5(2−x). This can 

be explained as follows. Adsorption of OH− and N2H4 onto the surface of the catalyst is 

reported to be the rate-determining processes (N2H4 ads + OH−
ads → N2H3 ads + H2O + e−) 

[165,167], and the adsorption of OH− onto the surface Co sites herein is the first step towards 

hydrazine oxidation [165]. The rich grain boundaries exposed more accessible Co sites as 

evidenced by the XPS, where many defective Co sites may exist, thus enhancing the OH− 

adsorption and contributing to the greatly decreased overpotential necessary for the electro-

oxidation of hydrazine [165,168]. 

The long-term stability of a catalyst is critical for its practical applications. The catalyst 

stability of the ECT-Co(OH)x(CO3)0.5(2−x) towards hydrazine oxidation was evaluated by 

running 350 consecutive cyclic voltammetry cycles. As shown in Figure 50A, the current 

density at the potential of −0.90 V versus Ag/AgCl maintained 89% of its initial value upon 

the 350th cycle. Polarization curves collected before and after the stability test showed that the 

catalytic performance only decreased slightly after 350 cycles (Figure 50B). For example, the 

degradation in current density at −0.90 V versus Ag/AgCl from the polarization curves before 

and after the stability test was calculated to be 5.4%. These results suggest that the ECT-

Co(OH)x(CO3)0.5(2−x) catalyst has good stability. 
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Figure 50. (A) Cycling stability of the ECT-Co(OH)x(CO3)0.5(2−x) electrode: current density 

at the potential of −0.90 V versus Ag/AgCl against cycle number. (B) Polarization curves of 

the ECT-Co(OH)x(CO3)0.5(2−x) electrode before and after the stability test. 

 

To find out whether the electrochemical tuning method can be applied to other 

materials, the Co3O4, Co(OH)2 and Ni(OH)2 electrodes were subjected to the same 

electrochemical tuning process. As shown in Figure 51, compared with their corresponding 

pristine electrodes, improved catalytic performances were observed for all electrochemically 

tuned electrodes. The extent of improvement, however, is different for different materials. The 

Co3O4 showed the least amount of improvement while cobalt hydroxide carbonate presented 

the largest increase and the highest catalytic performance after the electrochemical tuning. The 

current density of the ECT-Co(OH)x(CO3)0.5(2−x) electrode doubled that of the second best one 

(the ECT-Co(OH)2 electrode). This implies that the intrinsic structure of the cobalt hydroxide 

carbonate plays a critical role in its restructuring during the electrochemical tuning process. 
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Figure 51. Voltammograms of (A) the Co3O4 and ECT-Co3O4 electrodes, (B) the Co3O4 and 

ECT-Co3O4 electrodes, and (C) the Ni(OH)2 and ECT-Ni(OH)2 electrodes collected at 20 mV 

s−1 in 1.0 M KOH + 0.5 M N2H4. (D) Current density at the potential of −0.90 V versus 

Ag/AgCl plotted against catalyst before and after electrochemical tuning. 

 

3.4.4 Conclusions 

In summary, we have developed an easy electrochemical tuning method that is highly 

effective to convert an inactive cobalt hydroxide carbonate into an efficient catalyst for 

hydrazine electro-oxidation. The electrochemical tuning turns single crystals into 

interconnected ultrafine crystalline particles, resulting in abundant grain boundaries. The grain 
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boundary sites are found to be unparalleled active sites for catalyzing hydrazine oxidation. The 

electrochemically tuned Co(OH)x(CO3)0.5(2−x) presented excellent catalytic performance 

towards electro-oxidation of hydrazine, comparable to the state-of-the-art catalysts. This study 

provides insights in developing low-cost, advanced electrocatalysts for direct hydrazine fuel 

cells and beyond. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

This dissertation focuses on the development of earth-abundant, low-cost first-row 

transition metal based catalyst nanomaterials for water electrolysis (i.e. HER and OER) and 

electro-oxidation of hydrazine. Crystalline-amorphous Co/Co3O4 core-shell heterostructures 

have been synthesized by virtue of hydrogenation of Co3O4, and can drive HER with a low 

overpotential of 30 mV in 1.0 M KOH. Further, we developed FeNi3/NiFeOx composite as a 

bifunctional catalyst that is highly active towards both HER and OER. Importantly, the OER 

activity of the FeNi3/NiFeOx nanohybrids is higher than that of the NiFeOx. The high HER 

activity of these metal/metal oxide heterostructures can be mianly attributed to the synergistic 

effect between the metal, which offers high conductivity and good affinity to hydrogen, and 

the metal oxide, which facilitates the adsorption of OH− groups. The enhanced OER activity 

of the FeNi3/NiFeOx nanohybrids can be attributed to the surface defects and the improved 

conductivity caused by the introduction of the metallic FeNi3 component. 

Nano-on-micro Cu architecture has been achieved on Ni foam and exhibits higher 

catalytic activity towards hydrazine oxidation than other Cu-based electrocatalyst materials 

reported in the literature. This is due to the nano-on-micro structure, the large surface area, and 

the absence of polymer binder. Crystalline-amorphous Co/CoO core-shell heterostructures 

have been synthesized by solvothermal reduction of cobalt hydroxide carbonate. The 

synergistic effect between metallic Co and CoO imparts high catalytic activity to the Co/CoO 

core-shell heterostructures. Finally, inert cobalt hydroxide carbonate was transformed into 

highly active electrocatalysts for hydrazine oxidation by an electrochemical tuning method. 
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This method can turn single nanocrystals into interconnected ultrafine nanoparticles, creating 

numerous grain boundaries that offer active sites for electro-oxidation of hydrazine. 

To conclude, metal/metal oxide heterostructures are potentially multifunctional 

materials for many applications because of the integration of different functioning components 

and potential synergistic effect between metal and metal oxide. Rational architectural design 

can effectively improve the catalytic activity of the existing electrocatalyst materials. Grain 

boundaries with many defects can serve as active sites for surface reactions. These insights 

contribute to the design and synthesis of advanced earth-abundant, low-cost electrocatalyst 

materials for water electrolysis, direct hydrazine fuel cells, and other technologies.  



 

102 
 

REFERENCES 

1. Debe, M. K. Nature 2012, 486, 43−51. 

 

2. Esposito, D. V.; Hunt, S. T.; Kimmel, Y. C.; Chen, J. G. J. Am. Chem. Soc. 2012, 134, 

3025−3033. 

3. Nong, H. N.; Oh, H.-S.; Reier, T.; Willinger, E.; Willinger, M.-G.; Petkov,, V.; Teschner, D.; 

Strasser, P. Angew. Chem. Int. Ed. 2015, 50, 2975–2979. 

4. Su, D. S.; Sun, G. Angew. Chem. Int. Ed. 2011, 50, 11570–11572. 

5. Serov, A.; Kwak, C. Appl. Catal. B: Environ. 2010, 98, 1–9. 

6. Wells, S. A.; Sartbaeva, A.; Kuznetsov, V. L.; Edwards, P. P. Hydrogen Economy. 

Encyclopedia of Inorganic and Bioinorganic Chemistry. 2011. 

7. IEA (International Energy Agency), World Energy Outlook 2013, OECD/IEA, Paris. 

8. Abas, N.; Kalair, A.; Khan N. Futures 2015, 69, 31–49. 

9. Capellán-Pérez, I.; Mediavilla, M.; Castro, C.; Carpintero, Ó.; Miguel, L. J. Energy 2014, 77, 

641–666. 

10. Mohr, S. H.; Wang, J.; Ellem, G.; Ward, J.; Giurco D. Fuel 2015, 141, 120–135. 

11. Höök, M.; Tang, X. Energy Policy 2013, 52, 797–809. 

12. Conte, M.; Iacobazzi,, A.; Ronchetti, M.; Vellone, R. J. Power. Sources 2001, 100, 171–187. 

13. Crowley, T. J. Science 2000, 289, 270–277. 

14. McGlade, C.; Ekins, P. Nature 2015, 517, 187–190. 

15. Morton, O.; Dennis, C. Nature 2006, 443, 19–22. 

16. International Energy Agency, Key World Energy Statistics 2017, OECD/IEA, Paris. 

17. Marbán, G.; Valdés-Solís, T. Inter. J. Hydrogen Energy 2007, 32, 1625–1637. 



 

103 
 

18. Edwards, P. P.; Kuznetsov, V. L.; David, W. I. F.; Brandon, N. P. Energy Policy 2008, 36, 

4356–4362. 

19. Carrette, L.; Friedrich, K. A.; Stimming, U. ChemPhysChem 2000, 1, 162–193. 

20. Rees, N. V.; Compton, R. G. Energy Environ. Sci. 2011, 4, 1255–1260. 

21. Heinzel, A.; Barragán, V. M. J. Power Sources 1999, 84, 70–74. 

22. Ma, J.; Choudhury, N. A.; Sahai, Y. Renew. Sust. Energ. Rev. 2010, 14, 183–199. 

23. Proietti, E.; Jaouen, F.; Lefèvre, M.; Larouche1, N.; Tian, J.; Herranz, J.; Dodelet, J.-P. Nat. 

Commun. 2011, 2, 416. 

24. Wachsman, E. D.; Lee, K. T. Science 2011, 334, 935–939. 

25. Winter, M.; Brodd, R. J. Chem. Rev. 2004, 104, 4245–4269. 

26. Vesborg, P. C. K.; Jaramillo, T. F. RSC Adv. 2012, 2, 7933–7947. 

27. Chen, Z.; Higgins, D.; Yu, A.; Zhang, L.; Zhang, J. Energy Environ. Sci. 2011, 4, 3167–3192. 

28. Du, P.; Eisenberg, R. Energy Environ. Sci. 2012, 5, 6012–6021. 

29. Singh, A.; Spiccia, L. Coord. Chem. Rev. 2013, 257, 2607–2622. 

30. Faber, M. S.; Jin, S. Energy Environ. Sci. 2014, 7, 3519–3542. 

31. Jiao, F.; Frei, H. Angew. Chem. Int. Ed. 2009, 48, 1841–1844. 

32. Wu, G.; Zelenay, P. Acc. Chem. Res. 2013, 46, 1878–1789. 

33. Chen, H. M.; Chen, C. K.; Liu, R.-S.; Zhang, L.; Zhang, J.; Wilkinson, D. P. Chem. Soc. Rev. 

2012, 41, 5654–5671. 

34. He, Z.; Liu, J. Qiao, Y.; Li, C. M.; Tan, T. T. Y. Nano Lett. 2012, 12, 4738−4741. 

35. Qu, L.; Liu, Y.; Baek, J.-B.; Dai, L. ACS Nano 2010, 4, 1321−1326. 

36. Zheng, K.; Zhang, D. Prog. Energy Combust. Sci. 2010, 36, 307−326. 

37. Morales-Guio, C. G.; Hu, X. Acc. Chem. Res. 2014, 47, 2671−2681. 



 

104 
 

38. Yang, J.; Xu, J. J. Electrochem. Commun. 2003, 5, 306–311. 

39. Feng, X.; Jiang, K.; Fan, S.; Kanan, M. W. J. Am. Chem. Soc. 2015, 137, 4606−4609. 

40. Jiang, K.; Wang, H.; Cai, W.-B.; Wang, H. ACS Nano 2017, 11, 6451−6458. 

41. Yoo, E.; Okata, T.; Akita, T.; Kohyama, M.; Nakamura, J.; Honma, I. Nano Lett. 2009, 9, 

2255−2259. 

42. Wu, Z.-S.; Yang, S.; Sun, Y.; Parvez, K.; Feng, X.; Müllen, K. J. Am. Chem. Soc. 2012, 134, 

9082−9085. 

43. Gong, M.; Zhou, W.; Tsai, M.-C.; Zhou, J.; Guan, M.; Lin, M.-C.; Zhang, B.; Hu, Y.; Wang, 

D.-Y.; Yang, J.; Pennycook, S. J.; Hwang, B.-J.; Dai, H. Nat. Commun. 2014, 5, 4695. 

44. Jin, H.; Wang, J.; Su, D.; Wei, Z.; Pang, Z.; Wang, Y. J. Am. Chem. Soc. 2015, 137, 

2688−2694. 

45. Yan, X.; Tian, L.; Chen, X. J. Power Sources 2015, 300, 336−343. 

46. Weng, Z.; Liu, W.; Yin, L.-C.; Fang, R.; Li, M.; Altman, E. I.; Fan, Q.; Li, F.; Cheng, H.-M.; 

Wang, H. Nano Lett. 2015, 15, 7704−7710. 

47. Yw, W.; Yang, B.; Cao, G.; Duan, L.; Wang, C. Thin Solid Films 2008, 516, 2957–2961. 

48. Jayaraman, S.; Jaramillo, T. F.; Baeck, S.-H.; McFarland. E. W. J. Phys. Chem. B 2005, 109, 

22958–22966. 

49. Burke, M. S.; Enman, L. J.; Batchellor, A. S.; Zou, S.; Boettcher, S. W. Chem. Mater. 2015, 

27, 7549−7558. 

50. Gong, M.; Dai, H. Nano Res. 2015, 8, 23–39. 

51. McCroty, C. C. L.; Jung, S.; Peters, J. C.; Jaramillo, T. F. J. Am. Chem. Soc. 2013, 135, 

16977−16987. 

52. Jiao, Y.; Zheng, Y.; Jaroniec, M.; Qiao, S. Z. Chem. Soc. Rev. 2015, 44, 2060−2086. 



 

105 
 

53. Hong, W. T.; Risch, M.; Stoerzinger, K. A.; Crimaud, A.; Suntivichb, J.; Shao-Horn, Y. Energy 

Environ. Sci. 2015, 8, 1404−1427. 

54. Gong, M.; Li, Y.; Wang, H.; Liang, Y.; Wu, J. Z.; Zhou, J.; Wang, J.; Regier, T.; Wei, F.; Dai, 

H. J. Am. Chem. Soc. 2013, 135, 8452−8455. 

55. Deminguez-Crespo, M. A.; Torres-Huerta, A. M.; Brachetti-Sibaja, B.; Flores-Vela, A.; Int. 

J. Hydrogen Energy 2011, 36, 135–151. 

56. Conway, B. E.; Tilak, B. V.; Electrochim. Acta  2002, 47, 3571–3594. 

57. Nørskov, J. K.; Bligaard, T.; Logadottir, A.; Kitchin, J. R.; Chen, J. G.; Pandelov, S.; 

Stimming, U. J. Electrochem. Soc. 2005, 152, J23–J26. 

58. Trasatti, S. J. Electroanal. Chem. 1972, 39, 163–184. 

59. Parsons, R. Trans. Faraday Soc. 1958, 54, 1053–1063. 

60. Yan, X.; Tian, L.; Atkins, S.; Liu, Y.; Murowchick, J.; Chen, X. ACS Sustainable Chem. Eng. 

2016, 4, 3743−3749. 

61. Popczun, E. J.; McKone, J. R.; Read, C. G.; Biacchi, A. J.; Wiltrout, A. M.; Lewis, N. S.; 

Schaak, R. E. J. Am. Chem. Soc. 2013, 135, 9267–9270. 

62. M.A. Lukowski, A.S. Daniel, F. Meng, A. Forticaux, L. Li, S. Jin, J. Am. Chem. Soc. 2013, 

135, 10274–10277. 

63. Liao, P.; Keith, J. A.; Carter, E. A.; J. Am. Chem. Soc. 2012, 134, 13296–13309. 

64. Dau, H.; Limberg, C.; Reier, T.; Risch, M.; Roggan, S.; Strasser, P. ChemCatChem 2010, 2, 

724–761. 

65. Man, I. C.; Su, H.-Y.; Calle-Vallejo, F.; Hansen, H. A.; Martínez, J. I.; Inoglu, N. G.; Kitchin, 

J.; Jaramillo, T. F.; Nørskov, J. K.; Rossmeisl, J. ChemCatChem 2011, 3, 1159–1165. 

66. Hammer, B. Top. Catal. 2006, 37, 3–16. 



 

106 
 

67. Suntivich, J.; May, K. J.; Goodenough, J. B.; Gasteiger, H. A.; Shao-Horn, Y. Science 2011, 

334, 1383–1385. 

68. Tseung, A. C. C.; Jasem, S. Electrochim. Acta 1977, 22, 31–34. 

69. Trasatti, S. Electrochim. Acta 1984, 29, 1503–1512. 

70. Hong, W. T.; Welsch, R. E.; Shao-Horn, Y. J. Phys. Chem. C 2016, 120, 78−86. 

71. Nidola, A.; Schira, R. Int. J. Hydrogen Energy 1986, 11, 449−454. 

72. Kong, D.; Cha, J. J.; Wang, H.; Lee, H. R.; Cui, Y. Energy Environ. Sci. 2013, 6, 3553–3558. 

73. Peng, Z.; Jia, D.; Al-Enizi, A. M.; Elzatahry, A. A.; Zheng, G. Adv. Energy Mater. 2015, 5, 

1402031. 

74. Jiang, N.; Tang, Q.; Sheng, M.; You, B.; Jiang, S.-E.; Sun, Y. Catal. Sci. Technol. 2016, 6, 

1077−1084. 

75. Chuang, D. Y.; Han, J. W.; Lim, D.-H.; Jo, J.-H.; Yoo, S. J.; Lee, H.; Sung, Y.-E. Nanoscale 

2015, 7, 5157−5163. 

76. Wang, D.-Y.; Gong, M.; Chou, H.-L.; Pan, C.-J.; Chen, H.-A.; Wu, Y.; Lin, M.-C.; Guan, M.; 

Yang, J.; Chen, C.-W.; Wang, Y.-L.; Hwang, B.-J.; Chen, C.-C.; Dai, H. J. Am. Chem. Soc. 

2015, 137, 1587−1592. 

77. Cabán-Acevedo, M.; Stone, M. L.; Schmidt, J. R.; Thomas, J. G.; Ding, Q.; Chang, H.-C.; Tsai, 

M.-L.; He, J.-H.; Jin, S. Nat. Mater. 2015, 14, 1245–1251. 

78. Ouyang, C.; Wang, X.; Wang, S. Chem. Commun. 2015, 51, 14160–14163. 

79. Long, X.; Li, G.; Wang, Z.; Zhu, H.; Zhang, T.; Xiao, S.; Guo, W.; Yang, S. J. Am. Chem. Soc. 

2015, 137, 11900−11903. 

80. Jasion, D.; Barforoush, J. M.; Qiao, Q.; Zhu, Y.; Ren, S., Leonard, K. C. ACS Catal. 2015, 5, 

6653−6657. 



 

107 
 

81. Feng, L.-L.; Yu, G.; Wu, Y.; Li, G-D.; Li, H.; Sun, Y.; Asefa, T.; Chen, W.; Zou, X. J. Am. 

Chem. Soc. 2015, 137, 14023–14026. 

82. Kibsgaard, J.; Tsai, C.; Chan, K.; Benck, J. D.; Nørskov, J. K.; Abild-Pedersen, F.; Jaramillo, 

T. F. Energy Environ. Sci. 2015, 8, 3022–3029. 

83. Pu, Z.; Liu, Q.; Tang, C.; Asiri, A. M.; Sun. X. Nanoscale 2014, 6, 11031−11034. 
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I.; Kitchin, J. R. ACS Catal. 2012, 2, 1793−1801. 

129. Lu, Z.; Xu, W.; Zhu, W.; Yang, Q.; Lei, X.; Liu, J.; Li, Y.; Sun, X.; Duan, X. Chem. 

Commun. 2014, 50, 6479−6482. 

130. Friebel, D; Louie, M. W.; Bajdich, M.; Sanwald, K. E.; Cai, Y.; Wise, A. M.; Cheng, 

M.-J.; Sokaras, D.; Weng, T.-C.; Alonso-Mori, R.; Davis, R. C.; Bargar, J. R.; Nørskov, J. K.; 

Nilsson, A.; Bell, A. T. J. Am. Chem. Soc. 2015, 137, 1305–1313. 

131. Ma, W.; Ma, R.; Wang, C.; Liang, J.; Liu, X.; Zhou, K.; Sasaki, T. ACS Nano 2015, 9, 

1977−1984. 

132. Song, F.; Hu, X. Nat. Commun. 2014, 5, 4477. 

133. Louie, M. W.; Bell, A. T. J. Am. Chem. Soc. 2013, 135, 12329–12337. 



 

111 
 

134. Trotochaud, L.; Young, S. L.; Ranney, J. K.; Boettcher, S. W. J. Am. Chem. Soc. 2014, 

136, 6744−6753. 

135. Wang, H.; Lee, H.-W.; Deng, Y.; Lu, Z.; Hsu, P.-C.; Liu, Y.; Lin, D.; Cui, Y. Nat. 

Commun. 2015, 6, 7261. 

136. Wang, J.; Gao, D.; Wang, G.; Miao, S.; Wu, H.; Li, J.; Bao, X. J. Mater. Chem. A 2014, 

2, 20067−20074. 

137. Hua, B.; Li, M.; Sun, Y.-F.; Zhang, Y.-Q.; Yan, N.; Chen, J.; Thundat, T.; Li, J.; Luo, 

J.-L. Nano Energy 2017, 32, 247–254. 

138. Jiang, N.; You, B.; Sheng, M.; Sun, Y. Angew. Chem. Int. Ed. 2015, 54, 6251–6254. 

139. Li, J.; Wang, Y.; Zhou, T.; Zhang, H.; Sun, X.; Tang, J.; Zhang, L.; Al-Enizi, A. M.; 

Yang, Z.; Zheng, G. J. Am. Chem. Soc. 2015, 137, 14305−14312. 

140. Xiao, Y.; Zhang, P.; Zhang, X.; Dai, X.; Ma, Y.; Wang, Y.; Jiang, Y.; Liu, M.; Wang, 

Y. J. Mater. Chem. A 2017, 5, 15901−15912. 

141. Stern, L.-A.; Feng, L.; Song, F.; Hu, X. Energy Environ. Sci. 2015, 8, 2347−2351. 

142. Xia, T.; Zhang, W.; Wang, Z.; Zhang, Y.; Song, X.; Murowchick, J.; Battaglia, V.; Liu, 

G.; Chen, X. Nano Energy 2014, 6, 109–118. 

143. McIntyre, N. S.; Johnston, D. D.; Coatsworth, L. L.; Davidson, R. D. Surf. Interface 

Anal. 1990, 15, 265–272. 

144. Bonnelle, J. P.; Grimblot, J.; D’Huysser, A. J. Electron. Spectrosc. 1975, 7, 151−162. 

145. Mandale, A. B.; Badrinarayan, S.; Date, S. K.; Sinha, A. P. B. J. Electron. Spectrosc. 

1984, 33, 61−72. 

146. Wagner, C. D.; Zatko, D. A.; Raymond, R.H. Anal. Chem. 1980, 52, 1445–1451. 

147. Tyuliev, G.; Angelow, S. Appl. Surf. Sci. 1988, 32, 381−391. 



 

112 
 

148. Chen, X.; Liu, L.; Yu, P. Y.; Mao, S. S. Science 2011, 331, 746−750. 

149. Xia, T.; Zhang, C.; Oyler, N. A.; Chen, X. Adv. Mater. 2013, 25, 6905–6910. 

150. Xia, T.; Wallenmeyer, P.; Anderson, A.; Murowchick, J.; Liu, L.; Chen, X. RSC Adv. 

2014, 4, 41654–41658. 

151. Kim, K. S. Phys. Rev. B 1975, 11, 2177–2185. 

152. Kucernak, A. R. J.; Sundaram, V. N. N. J. Mater. Chem. A 2014, 2, 17435–17445. 

153. Lian, K. K.; Kirk, D. W.; Thorpe, S. J. J. J. Electrochem. Soc. 1995, 142, 3704–3712. 

154. Mansour, A. N. Surf. Sci. Spectra 1994, 3, 231–238. 

155. Tan, J.; Klabunde, K. J.; Sherwood, P. M. A. Chem. Mater. 1990, 2, 186–191. 

156. Fominykh, K.; Chernev, P.; Zaharieva, I.; Sicklinger, J.; Stefanic, G.; Döblinger, M.; 

Müller, A.; Pokharel, A.; Böcklein, S.; Scheu, C.; Bein, T.; Fattakhova-Rohlfing, D. ACS Nano 

2015, 9, 5180 –5188. 

157. Chen, M.; Wu, Y.; Han, Y.; Lin, X.; Sun, J.; Zhang, W.; Cao, R. ACS Appl. Mater. 

Interfaces 2015, 7, 21852–21859. 

158. Vrubel, H.; Merki, D.; Hu, X. Energy Environ. Sci. 2012, 5, 6136–6144. 

159. Zhou, P.; Wang, Y.; Xie, C.; Chen, C.; Liu, H.; Chen, R.; Huo, J.; Wang, S. Chem. 

Commun. 2017, 53, 11778–11781. 

160. Ong, B. C.; Kamarudin, S. K.; Basri, S. Int. J. Hydrogen Energy 2017, 42, 10142–

10157. 

161. Wang, H.; Ma, Y.; Wang, R.; Key, J.; Linkov, V.; Ji, S. Chem. Commun. 2015, 51, 

3570–3573. 

162. Zhao, X.; Yin, M.; Ma, L.; Liang, L.; Liu, C.; Liao, J.; Lu, T.; Xing, W. Energy Environ. 

Sci. 2011, 4, 2736–2753. 



 

113 
 

163. Sakamoto, T.; Deevanhxay, P.; Asazawa, K.; Tsushima, S.; Hirai, S.; Tanaka, H. J. 

Power Sources 2014, 252, 35−42. 

164. Evans, G. E.; Kordesch, K. V. Science 1967, 158, 1148−1152, 

165. Petek, M.; Bruckenstein, S. Electroanal. Chem. Interfacial Electrochem. 1973, 47, 

329−333. 

166. Rosca, V.; Koper, M. T. Electrochim. Acta 2008, 53, 5199−5205. 

167. Sakamoto, T.; Kishi, H.; Yamaguchi, S.; Matsumura, D.; Tamura, K.; Hori, A.; 

Horiuchi, Y.; Serov, A.; Artyushkova, K.; Atanassov, P.; Tanaka, H. J. Electrochem. Soc. 

2016, 163, H951−H957. 

168. García Azorero, M. D.; Marcos, M. L.; González Velasco, J. Electrochim. Acta 1994, 

39, 1909−1914. 

169. Roy, C.; Bertin, E.; Martin, M. H.; Garbarino, S.; Guay, D. Electrocatalysis 2013, 4, 

76−84. 

170. Aldous, L.; Compton, R. G. Phys. Chem. Chem. Phys. 2011, 13, 5279–5287. 

171. Gao, G.; Guo, D.; Wang, C.; Li, H. Electrochem. Commun. 2007, 9, 1582–1586. 

172. Yang, G.-W.; Gao, G.-Y.; Wang, C.; Xu, C.-L.; Li, H.-L. Carbon 2008, 46, 747–752. 

173. Liu, R.; Ye, K.; Gao, Y.; Zhang, W.; Wang, G.; Cao, D. Electrochim. Acta 2015, 186, 

239–244. 

174. Guo, D.-J.; Li, H.-L. J. Colloid Interface Sci. 2005, 286, 274–279. 

175. Wang, G.; Jing, S.; Tan, Y. Sci. Rep. 2017, 7, 16465. 

176. Yi, Q.; Yu, W. J. J. Electroanal. Chem. 2009, 633, 159–164. 

177. Abdolmaleki, M.; Ahadzadeh, I.; Goudarziafshar, H. Int. J. Hydrogen Energy 2017, 

42, 15623–15631. 



 

114 
 

178. Dong, B.; He, B.-L.; Chai, Y.-M.; Liu, C.-G. Mater. Chem. Phys. 2010, 120, 404–408. 

179. Yue, X.; Yang, W.; Xu, M.; Liu, X.; Jia, J. Talanta 2015, 144, 1296–1300. 

180. Giovanni, M.; Poh, H. L.; Ambrosi, A.; Zhao, G.; Sofer, Z.; Šaněk, F.; Khezri, B.; 

Webster, R. D.; Pumera, M. Nanoscale 2012, 4, 5002–5008. 

181. Tan, C.; Wang, F.; Liu, J.; Zhao, Y.; Wang, J.; Zhang, L.; Park, K. C.; Endo, M. Mater. 

Lett. 2009, 63, 969–971. 

182. Yi, Q.; Li, L.; Yu, W.; Zhou, Z.; Xu, G. J. Mol. Catal. A: Chem. 2008, 295, 34–38. 

183. Tamura, K.; Kahara, T. J. Electrochem. Soc. 1976, 123, 776–780. 

184. Bansal, V.; Li, V.; P. O’Mullane, A. P.; Bhargava, S. K. CrystEngComm 2010, 12, 

4280–4286. 

185. Hosseini, M.; Momeni, M. M.; Faraji, M. J. Mol. Catal. A: Chem. 2011, 335, 199–204. 

186. Roy, N.; Bhunia, K.; Terashima, C.; Fujishima, A.; Pradhan, D. ACS Omega 2017, 2, 

1215−1221. 

187. Chen, L.; Hu, G.; Zou, G.; Shao, S.; Wang, X. Electrochem. Commun. 2009, 11, 504–

507. 

188. Zhang, L.; Niu, W.; Gao, W.; Qi, L.; Zhao, J.; Xu, M.; Xu, G. Electrochem. Commun. 

2013, 37, 57–60. 

189. Dong, B.; He, B.-L.; Huang, J.; Gao, G.-Y.; Yang, Z.; Li, H.-L. J. Power Sources 2008, 

175, 266–271. 

190. Asazawa, K.; Yamada, K.; Tanaka, H.; Taniguchi, M.; Oguro, K. J. Power Sources 

2009, 191, 362–365. 

191. Gao, H.; Wang, Y.; Xiao, F.; Ching, C. B.; Duan, H. J. Phys. Chem. C 2012, 116, 7719–

7725. 



 

115 
 

192. Karim-Nezhad, G.; Jafarloo, R.; Dorraji, P. S. Electrochim. Acta 2009, 54, 5721–5726. 

193. Jia, F.; Zhao, J.; Yu, X. J. Power Sources 2013, 222, 135–139. 

194. Liu, C.; Zhang, H.; Tang, Y.; Luo, S. J. Mater. Chem. A 2014, 2, 4580–4587. 

195. Huang, J.; Zhao, S.; Chen, W.; Zhou, Y.; Yang, X.; Zhu, Y.; Li, C. Nanoscale 2016, 8, 

5810–5814. 

196. Lu, Z.; Sun, M.; Xu, T.; Li, Y.; Xu, W.; Chang, Z.; Ding, Y.; Sun, X.; Jiang, L. Adv. 

Mater. 2015, 27, 2361–2366. 

197. Granot, E.; Filanovsky, B.; Presman, I.; Kuras, I.; Patolsky, F. J. Power Sources 2012, 

204, 116–121. 

198. Ma, Y.; Li, H.; Wang, R.; Wang, H.; Lv, W.; Ji, S. J. Power Sources 2015, 289, 22–

25. 

199. Liu, M.; Zhang, R.; Zhang, L.; Liu, D.; Hao, S.; Du, G.; Asiri, A. M.; Kong, R.; Sun, 

X. Inorg. Chem. Front. 2017, 4, 420–423. 

200. Fukumoto, Y.; Matsunaga, T.; Hayashi, T. Electrochim. Acta 1981, 26, 631–636. 

201. Liu, R.; Jiang, X.; Guo, F.; Shi, N.; Yin, J.; Wang, G.; Cao, D. Electrochim. Acta 2013, 

94, 214–218. 

202. Jeon, T.-Y.; Watanabe, M.; Miyatake, K. ACS Appl. Mater. Interfaces 2014, 6, 18445– 

18449. 

203. Feng, G.; Kuang, Y.; Li, Y.; Sun, X. Nano Research 2015, 8, 3365–3371. 

204. Yang, F.; Cheng, K.; Wang, G.; Cao, D. J. Electroanal. Chem. 2015, 756, 186–192. 

205. Yan, X.; Liu, Y.; Lan, J.; Yu, Y.; Murowchick, J.; Yang, X.; Peng, Z. Mater. Chem. 

Front. 2018, 2, 96–101. 



 

116 
 

206. Tang, C.; Zhang, R.; Lu, W.; Wang, Z.; Liu, D.; Hao, S.; Du, G.; Asiri, A. M.; Sun, X. 

Angew. Chem. Int. Ed. 2017, 56, 842–846. 

207. Liu, X.; Li, Y.; Chen, N.; Deng, D.; Xing, X.; Wang, Y. Electrochim. Acta 2016, 213, 

730–739. 

208. Wang, J.; Ma, X.; Liu, T.; Liu, D.; Hao, S.; Du, G.; Kong, R.; Asiri, A. M.; Sun, X. 

Mater. Today Energy 2017, 3, 9–14. 

209. Ma, X.; Wang, J.; Liu, D.; Kong, R.; Hao, S.; Du, G.; Asiri, A. M.; Sun, X. New J. 

Chem. 2017, 41, 4754−4757. 

210. Wang, J.; Kong, R.; Asiri, A. M.; Sun, X. ChemElectroChem 2017, 4, 481−484. 

211. Sanabria-Chinchilla, J.; Asazawa, K.; Sakamoto, T.; Yamada, K.; Tanaka, H.; Strasser, 

P. J. Am. Chem. Soc. 2011, 133, 5425–5431. 

212. Sakamoto, T.; Asazawa, K.; Sanabria-Chinchilla, J.; Martinez, U.; Halevi, B.; 

Atanassov, P.; Strasser, P.; Tanaka, H. J. Power Sources 2014, 247, 605–611. 

213. Feng, G.; Kuang, Y.; Li, P.; Han, N.; Sun, M.; Zhang, G.; Sun, X. Adv. Sci. 2017, 4, 

1600179. 

214. Zhong, X.; Yang, H.; Guo, S.; Li, S.; Gou, G.; Niu, Z.; Dong, Z.; Lei, Y.; Jin, J.; Li, 

R.; Ma, J. J. Mater. Chem. 2012, 22, 13925–13927. 

215. Li, J.; Tang, W.; Huang, J.; Jin, J.; Ma, J. Catal. Sci. Technol. 2013, 3, 3155–3162. 

216. Li, J.; Tang, W.; Yang, H.; Dong, Z.; Huang, J.; Li, S.; Wang, J.; Jin, J.; Ma, J. RSC 

Adv. 2014, 4, 1988–1995. 

217. Filanovsky, B.; Granot, E.; Presman, I.; Kuras, I.; Patolsky, F. J. Power Sources 2014, 

246, 423–429. 

218. Sun, M.; Lu, Z.; Luo, L.; Chang, Z.; Sun, X. Nanoscale 2016, 8, 1479–1484. 



 

117 
 

219. Asset, T.; Roy, A.; Sakamoto, T.; Padilla, M.; Matanovic, I.; Artyushkova, K.; Serov, 

A.; Maillard, F.; Chatenet, M.; Asazawa, K.; Tanaka, H.; Atanassov, P. Electrochim. Acta 

2016, 215, 420–426. 

220. Wu, L.-S.; Dai, H.-B.; Wen, X.-P.; Wang, P. ChemElectroChem 2017, 4, 1944–1949. 

221. Yan, X.; Liu, Y.; Scheel, K.; Li, Y.; Yu, Y.; Yang, X.; Peng, Z. Front. Mater. Sci. 2018, 

12, 45−52. 

222. Bidault, F.; Brett, D.; Middleton, P.; Abson, N.; Brandon, N. Int. J. Hydrogen Energy 

2009, 34, 6799–6808. 

223. Lee, Y.-I.; Choa, Y.-H. J. Mater. Chem. 2012, 22, 12517–12522. 

224. Elzey, S.; Baltrusaitis, J.; Bian, S.; Grassian, V. H. J. Mater. Chem. 2011, 21, 

3162−3169. 

225. Yu, Y.; Zhang, L.; Wang, J.; Yang, Z.; Long, M.; Hu, N.; Zhang, Y. Nanoscale Res. 

Lett. 2012, 7, 347. 

226. Li, C. W.; Kanan, M. W. J. Am. Chem. Soc. 2012, 134, 7231–7234. 

227. Deroubaix, G.; Marcus, P. Surf. Interface Anal. 1992, 18, 39–46. 

228. Oku, M.; Hirokawa, K. J. Electron Spectrosc. Relat. Phenom. 1976, 8, 475–481. 

229. Chuang, T. J.; Brundle, C. R.; Rice, D. W. Surf. Sci. 1976, 59, 413–429. 

230. Anu Prathap, M. U.; Anuraj, V.; Satpati, B.; Srivastava, R. J. Hazard. Mater. 2013, 

262, 766−774. 

231. Hosseini, S. R.; Ghasemi, S.; Kamali-Rousta, M. J. Power Sources 2017, 343, 

467−476. 

232. Khilari, S.; Pradhan, D. Catal. Sci. Technol. 2017, 7, 5920−5931. 



 

118 
 

233. Yan, X.; Liu, Y.; Lan, J.; Yu, Y.; Murowchick, J.; Yang, X.; Peng, Z. Mater. Chem. 

Front. 2018, 2, 369−375. 

234. Xu, R.; Zeng, H. C. J. Phys. Chem. B 2003, 107, 12643–12649. 

235. Ghosh, D.; Mandal, M.; Das, C. K. Langmuir 2015, 31, 7835−7843. 

236. Wang, S. L.; Qian, L. Q.; Xu, H.; Lü, G. L.; Dong, W. J.; Tang, W. H. J. Alloy. 

Compoud. 2009, 476, 739–743. 

237. Masikhwa, T. M.; Dangbegnon, J. K.; Bello, A.; Madito, M. J.; Momodu, D.; Manyala, 

N. J. Phys. Chem. Solids 2016, 88, 60–67. 

238. Lebarbier, V. M.; Karim, A. M.; Engelhard, M. H.; Wu, Y.; Xu, B.-Q.; Petersen, E. J.; 

Datye, A. K.; Wang, Y. ChemSusChem 2011, 4, 1679–1684. 

239. Tang, H.; Yin, H.; Wang, J.; Yang, N.; Wang, D.; Tang, Z. Angew. Chem. Int. Ed. 2013, 

52, 5585–5589. 

  



 

119 
 

VITA 

Xiaodong Yan was born on September 18, 1988 in Wuxi, Jiangsu, China. Before 

joining the University of Missouri-Kansas City, Xiaodong received his Bachelor of 

Engineering in Polymer Materials and Engineering and his Master of Engineering in Materials 

Science and Engineering from Beijing University of Chemical Technology, Beijing, China. 

Xiaodong was awarded the Outstanding Student Award, and his master’s thesis entitled 

“Synthesis of Phosphorus Doped Polyacrylonitrile-based Carbon Materials and Their 

Applications in Supercapacitors” was awarded the Outstanding Master's Thesis. He joined the 

Department of Chemistry at the University of Missouri-Kansas City in August 2014 and 

worked in Professor Xiaobo Chen’s group, focusing on engineering the structure of metal 

oxides and their applications in water electrolysis and photocatalysis. 

 Upon his completion of Master of Science in Chemistry at the University of Missouri-

Kansas City in 2016, Xiaodong joined Professor Zhonghua Peng’s research laboratory to 

complete his doctoral degree in Chemistry. During his Ph. D. study, Xiaodong’s research 

interests were mainly in the synthesis of structure-engineered first-row transition metal 

derivatives and their applications as electrocatalysts for hydrazine oxidation (the half reaction 

of direct hydrazine fuel cells). Current list of publications and presentations at various meetings 

follows. 

  



 

120 
 

PUBLICATIONS 

 X. Yan, Y. Liu, J. Lan, Y. Yu, J. Murowchick, X. Yang, Z. Peng. Electrochemically Tuned 

Cobalt Hydroxide Carbonate with Abundant Grain Boundaries for Highly Efficient Electro-

Oxidation of Hydrazine. Materials Chemistry Frontiers 2018, 2, 369−375. 

 

 X. Yan, Y. Liu, K. Scheel, Y. Li, Y. Yu, X. Yang, Z. Peng. Hierarchical Nano-On-Microsized 

Copper for Highly Efficient Electro-Oxidation of Hydrazine. Frontiers of Materials Sciences 

2018, 12, 45−52. 

 

 X. Yan, Y. Liu, J. Lan, Y. Yu, J. Murowchick, X. Yang, Z. Peng. Crystalline-Amorphous 

Co@CoO Core-Shell Heterostructures for Efficient Electro-Oxidation of Hydrazine. Materials 

Chemistry Frontiers 2018, 2, 96–101. 

 

 J. Liu, T. Chen, X. Yan, Z. Wang, R. Jian, P. Jian, E. Yuan. NiCo2O4 Nanoneedle-Assembled 

Hierarchical Microflowers for Highly Selective Oxidation of Styrene. Catalysis 

Communications 2018, 109, 71–75. 

 

 X. Yan, Y. Li, T. Xia. Black Titanium Dioxide Nanomaterials in Photocatalysis. International 

Journal of Photoenergy 2017, 2017, 8529851. 

 

 J. Liu, X. Yan, L. Wang, L. Kong, P. Jian. Three-Dimensional Nitrogen-Doped Graphene 

Foam as Metal-Free Catalyst for the Hydrogenation Reduction of p-Nitrophenol. Journal of 

Colloid and Interface Science 2017, 497, 102–107. 

 

 Y. Liu, X. Yan, J. Lan, Y. Yu, X. Yang, Y. Lin. Phase-Separation Induced Hollow/Porous 

Carbon Nanofibers Containing In Situ Generated Ultrafine SnOx as Anode Materials for 

Lithium-Ion Batteries. Materials Chemistry Frontiers 2017 1, 1331–1337. 

 

 Y. Wang, X. Yan, M. Tu, J. Cheng, J. Zhang. Resin-Derived Activated Carbons with In-Situ 

Nitrogen Doping and High Specific Surface Area for High-Performance Supercapacitors. 

Materials Letters 2017, 191, 178−181. 

 

 J. Liu, Z. Wang, X. Yan, P. Jian. Metallic Cobalt Nanoparticles Imbedded into Ordered 

Mesoporous Carbon: A Non-Precious Metal Catalyst with Excellent Hydrogenation 

Performance. Journal of Colloid and Interface Science 2017, 505, 789–795. 

 

 X. Yan, L. Tian, X. Tan, M. Zhou, L. Liu, X. Chen. Modifying Oxide Nanomaterials’ 

Properties by Hydrogenation. MRS Communications 2016, 6, 192−203. 

 

 X. Yan, L. Tian, K. Li, S. Atkins, H. Zhao, J. Murowchick, L. Liu, X. Chen. FeNi3/NiFeOx 

Nanohybrids as Highly Efficient Bifunctional Electrocatalysts for Overall Water Splitting. 

Advanced Materials Interfaces 2016, 3, 1600368. 

 



 

121 
 

 X. Yan, L. Tian, S. Atkins, Y. Liu, J. Murowchick, X. Chen. Converting CoMoO4 into 

CoO/MoOx for Overall Water Spitting by Hydrogenation. ACS Sustainable Chemistry & 

Engineering 2016, 4, 3743−3749. 

 

 X. Yan, L. Tian, J. Murowchick, X. Chen. Amorphized MnMoO4 Nanosheets for Highly 

Efficient Energy Storage and Hydrogen Evolution Reaction. Journal of Materials Chemistry 

A 2016, 4, 3683−3688. 

 

 X. Yan, K. Li, L. Lv, F. Song, J. He, D. Niu, L. Liu, X. Hu, X. Chen. From Water Oxidation 

to Reduction: Transformation from NixCO3-xO4 Nanowires to NiCo/NiCoOx Heterostructures. 

ACS Applied Materials & Interfaces 2016, 8, 3208−3214. 

 

 X. Fan, X. Yan, Y. Yu, J. Lan, X. Yang. Phosphorus Groups Assisted Growth of Vertically 

Oriented Polyaniline Nanothorns on N/P Co-Doped Carbon Nanofibers for High-Performance 

Supercapacitors. Electrochimica Acta 2016, 216, 355−363. 

 

 L. Tian, X. Yan, X. Chen, L. Liu, X. Chen. One-Pot, Large-Scale, Simple Synthesis of CoxP 

Nanocatalysts for Electrochemical Hydrogen Evolution. Journal of Materials Chemistry A 

2016, 4, 13011−13016. 

 

 L. Tian, X. Yan, X. Chen. Electrochemical Activity of Iron Phosphide Nanoparticles in 

Hydrogen Evolution Reaction. ACS Catalysis 2016, 6, 5441−5448. 

 

 Y. Liu, X. Yan, Y. Yu, X. Yang. Eco-Friendly Fabricated Porous Carbon Nanofibers 

Decorated with Nanosized SnOx as High-Performance Lithium-Ion Battery Anodes. ACS 

Sustainable Chemistry & Engineering 2016, 4, 2951−2959. 

 

 F. Liu, X. Yan, X. Chen, L. Tian, Q. Xia, X. Chen. Mesoporous TiO2 Nanoparticles 

Terminated with Carbonate-Like Groups: Amorphous/Crystalline Structure and Visible-Light 

Photocatalytic Activity. Catalysis Today 2016, 264, 243−249. 

 

 M. He, Z. Wang, X. Yan, L. Tian, G. Liu, X. Chen. Hydrogenation Effects on the Lithium Ion 

Battery Performance of TiOF2. Journal of Power Sources 2016, 306, 309−316. 

 

 K. Li, J. Xu, X. Yan, L. Liu, X. Chen, Y. Luo, J. He, D. Z. Shen. The Origin of the Strong 

Microwave Absorption in Black TiO2. Applied Physics Letters 2016, 108, 183102. 

 

 X. Chen, F. Chen, F. Liu, X. Yan, W. Hu, G. Zhang, L. Tian, Q. Xia, X. Chen. Ag 

Nanoparticles/Hematite Mesocrystals Superstructure Composite: A Facile Synthesis and 

Enhanced Heterogeneous Photo-Fenton Activity. Catalysis Science & Technology 2016, 6, 

4184−4191. 

 

 J.-Q. Liu, Q.-C. Zhuang, Y.-L. Shi, X. Yan, X. Zhao, X. Chen. Tertiary Butyl Hydroquinone 

as a Novel Additive for SEI Film Formation in Lithium-Ion Batteries. RSC Advances 2016, 49, 

42885−42891. 

 



 

122 
 

 X. Yan, L. Tian, M. He, X. Chen. Three-Dimensional Crystalline/Amorphous Co/Co3O4 

Core/Shell Nanosheets as Efficient Electrocatalysts for the Hydrogen Evolution Reaction. 

Nano Letters 2015, 15, 6015−6021. 

 

 X. Yan, L. Tian, X. Chen. Crystalline/Amorphous Ni/NiO Core/Shell Nanosheets as Highly 

Active Electrocatalysts for Hydrogen Evolution Reaction. Journal of Power Sources 2015, 

300, 336−343. 

 

 X. Yan, W. Zhi, M. He, Z. Hou, T. Xia, G. Liu, X. Chen. TiO2 Nanomaterials for Li-Ion 

Rechargeable Batteries. Energy Technology 2015, 3, 801−814. 

 

 Y. Liu, X. Yan, Y. Yu, X. Yang. Self-Improving Anodes for Lithium-Ion Batteries: 

Continuous Interlamellar Spacing Expansion Induced Capacity Increase in Polydopamine-

Derived Nitrogen-Doped Carbon Tubes during Cycling. Journal of Materials Chemistry A 

2015, 3, 20880−20885. 

 

 L. Tian, X. Yan, J. Xu, P. Wallenmeyer, J. Murowchick, L. Liu, X. Chen. Effect of 

Hydrogenation on the Microwave Absorption Properties of BaTiO3 Nanoparticles. Journal of 

Materials Chemistry A 2015, 3, 12550−12556. 

 

 X. Chen, F. Liu, X. Yan, Y. Yang, Q. Chen, J. Wan, L. Tian, Q. Xia, X. Chen. Ag2Mo3O10 

Nanorods Decorated with Ag2S Nanoparticles: Visible-Light Photocatalytic Activity, 

Photostability, and Charge Transfer. Chemistry–A European Journal 2015, 21, 18711−18716. 

 

 X. Yan, Y. Liu, X. Fan, X. Jia, Y. Yu, X. Yang. Nitrogen/Phosphorus Co-Doped Nonporous 

Carbon Nanofibers for High-Performance Supercapacitors. Journal of Power Sources 2014, 

248, 745−751. 

 

 Z. Jin, X. Yan, Y. Yu, G. Zhao. Sustainable Activated Carbon Fibers from Liquefied Wood 

with Controllable Porosity for High-Performance Supercapacitors. Journal of Materials 

Chemistry A 2014, 2, 11706−11715. 

 

 X. Yan, Y. Yu, S.-K. Ryu, J. Lan, X. Jia, X. Yang. Simple and Scalable Synthesis of 

Phosphorus and Nitrogen Enriched Porous Carbons with High Volumetric Capacitance. 

Electrochimica Acta 2014, 136, 466−472. 

 

 X. Yan, Y. Yu, X. Yang. Effects of Electrolytes on the Capacitive Behavior of 

Nitrogen/Phosphorus Co-Doped Nonporous Carbon Nanofibers: An Insight into the Role of 

Phosphorus Groups. RSC Advances 2014, 4, 24986−24990. 

 

 Y. Liu, X. Yan, J.-L. Lan, D. Teng, Y. Yu, X. Yang. Ti-Doped SnOx Encapsulated in Carbon 

Nanofibers with Enhanced Lithium Storage Properties. Electrochimica Acta 2014, 137, 9−16. 

 

 X. Yan, D. Teng, X. Jia, Y. Yu, X. Yang. Improving the Cyclability and Rate Capability of 

Carbon Nanofiber Anodes through In-Site Generation of SiOx-Rich Overlayers. 

Electrochimica Acta 2013, 108, 196−202. 



 

123 
 

ORAL AND POSTER PRESENTATIONS 

 X. Yan, Y. Liu, J. Lan, Y. Yu, J. Murowchick, X. Yang, Z. Peng. Electrochemically Tuned 

Cobalt Hydroxide Carbonate with Abundant Grain Boundaries for Highly Efficient Electro-

Oxidation of Hydrazine. Oral presentation at the 255th ACS National Meeting, New Orleans, 

Louisiana, USA, 2018. 

 

 X. Yan, Y. Liu, J. Lan, Y. Yu, J. Murowchick, X. Yang, Z. Peng. Crystalline-Amorphous 

Co@CoO Core-Shell Heterostructures for Efficient Electro-Oxidation of Hydrazine. Oral 

presentation at the 255th ACS National Meeting, New Orleans, Louisiana, USA, 2018. 

 

 X. Yan, Y. Liu, K. Scheel, Y. Li, Y. Yu, X. Yang, Z. Peng. Hierarchical Nano-on-Micro 

Copper Crystals on Nickel Foam for Highly Efficient Electro-Oxidation of Hydrazine. Poster 

at the 52nd ACS Midwest Regional Meeting, Lawrence, Kansas, USA, 2017. 

 

 X. Yan, X. Chen. Highly Enhanced Hydrogen Evolution Electroactivity of Cobalt Oxide by 

Hydrogen Reduction. Poster at the 50th ACS Midwest Regional Meeting, St. Joseph, Missouri, 

USA, 2015. 

 

 X. Yan, X. Jia, X. Yang. Binder-Free Electrospun LiFePO4/CNF Composite Cathode 

Materials for Li-Ion Batteries. Oral presentation at the 20th Annual International Conference 

on Composites or Nano Engineering, Beijing, China, 2012. 


