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ABSTRACT 

Synthesis and Design of Nanostructured Materials for Electrochemical 

Energy Storage and Conversion 

by 

Huilong Fei 

The finite nature of fossil fuels and environmental problems caused by traditional 

energy sources call for renewable and sustainable energy strategies, including 

energy storage and conversion. The synthesis and design of nanostructured 

materials play an important role in the advances of alternative energy systems and 

devices. Lithium-ion batteries (LIBs) are one of the most important energy storage 

devices that have been commercially used in daily life. LIBs consist of one positive 

electrode and one negative electrode, which are separated by a lithium-ion 

conducting electrolyte. The development of LIBs with high energy density and 

power density mainly relies on the use of advanced nanomaterials in the two 

electrodes.  

For energy conversion, water splitting and the fuel cell are two important clean 

and renewable techniques to interconvert electrical energy and chemical energy. 

Water splitting, by applying external electrical energy, generates hydrogen gas on 

one electrode (hydrogen evolution reaction, HER) and oxygen gas on the other 

electrode (oxygen evolution reaction, OER). By this process, electrical energy is 

converted to chemical energy stored in hydrogen fuels. Fuel cells, on the other hand, 
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convert chemical energy into electrical energy by combining hydrogen and oxygen 

gas into water. The two half-reactions involved are the oxygen reduction reaction 

(ORR) and hydrogen oxidation reaction (HOR). Due to the presence of kinetic 

barriers, all of the above four reactions need electrocatalysts to improve their 

efficiency.  

This thesis begins with an introduction of energy storage system of LIBs and 

energy conversion systems of fuel cells and water splitting in Chapter 1. Chapter 2 

discusses three different nanomateirals with core-shelled structures and their 

applications in LIBs and HER. The graphitic carbon shell is demonstrated to improve 

the cycling stability and rate capability of Fe2O3 as an anode and LiFePO4 as a 

cathode. In addition, the graphitic carbon shell with a nitrogen dopant can interact 

with cobalt nanoparticles at the core to give high HER catalytic activity. Chapter 3 

describes two different heteroatom-doped nanocarbons for ORR application. One is 

B, N-doped graphene nanoribbon and the other is B, N-doped graphene quantum 

dots/graphene hybrid. The edge abundance in the nanoribbon and quantum dots is 

demonstrated to have a critical role in enhancing the catalytic activity. In Chapter 4, 

various porous films, including MoS2, WS2, WC, NiCoOx and CoP/CoPO4, are used as 

binder-free electrodes for water splitting applications. The porous structure is 

created by the use of anodization technique. Benefited from the high porosity and 

high surface area, these films show excellent catalytic activity for HER and/or OER. 

Chapter 5 describes a new type of electrocatalyst for hydrogen generation based on 

very small amounts of cobalt dispersed as individual atoms on nitrogen-doped 

graphene. This catalyst is robust and exceptionally active in aqueous media. A 
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variety of analytical techniques and electrochemical measurements suggest that the 

catalytically active sites are associated with the metal centers coordinated to 

nitrogen.   
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Chapter 1 

Introduction to Energy Storage 

and Conversion 

Energy is the greatest challenge for humankind in the 21st century. It affects our 

way of living, economy, environment and health. In spite of the fact that 

combustion-based energy technologies will still be the main approach to meet our 

energy demands, it comes along with various problems, such as global climate 

change, environmental issues and depletion of fossil fuels.1 As a consequence, 

development of alternative, clean and sustainable energy would play a critical role 

to address the energy challenge. The various alternative energy technologies include 

solar, wind, geothermal, nuclear, biomass, fuel cells, batteries and supercapacitors. 

Among these technologies, fuel cells, batteries, and supercapacitor can be classified 

into electrochemical energy technologies that interconvert chemical energy and 

electrical energy in an environmentally friendly manner. Further, fuel cells are 

energy conversion device, while batteries and supercapacitor are energy storage 
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devices. Another energy conversion process that would also affect our energy 

economy is water splitting. H2 gas, as an energy carrier, is considered to be the 

cleanest fuel to replace fossil fuel, but its mass production is most often achieved by 

methane reformation technology, which is a non-sustainable process.2 On the other 

hand, water splitting represents a clean and sustainable approach to generate H2.3 

In spite of the attractiveness brought by these advanced technologies, a 

widespread commercialization is hindered either by their high cost, durability 

and/or operational difficulties. For example, fuel cell and water splitting 

technologies rely on the use of precious and expensive metal (Pt and Ru) materials 

to achieve high efficiency.4 The massive use of these technologies calls for the 

development of inexpensive yet highly efficient materials to lower the cost. 

Synthesis and design of new materials that can decrease the cost, increase the 

efficiency, and improve the durability would have a significant influence in 

expanding the viability of these alternative energy technologies. Specifically, 

nanostructured materials and nanotechnologies offer significant advances that can 

capitalize upon their unusual properties, high surface areas, low dimensionalities, 

and high activity.    

1.1. Introduction to lithium ion batteries 

1.1.1. Construction and mechanism 

LIBs are composed of two electrodes (anode and cathode), which are separated by 

lithium-ion conducting electrolyte. A typical construction of LIBs is shown in Figure 
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1.1-1. During the discharge process, Li+ ions are released from the anode electrode, 

passes through the electrolyte and are stored in the cathode electrode. At the same 

time, electrons go to the external circuit to power up the electrical devices. The 

movement of ions and electrons is reversed during the charging process. The 

performances of LIBs are mainly determined by the electrode materials used.  

 

Figure 1.1-1 Scheme illustration of Li+ storage in lithium ion batteries. 

For the anode materials, they can be classified into three different types based on 

the Li+ storage mechanism.5 The first one is intercalation/de-intercalation 

mechanism.6 The Li+ is stored in the two dimensional or three dimensional network 
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in the electrode materials, such as graphite and TiO2. The intercalation/de-

intercalation processes would not destroy the structure of the host materials and as 

a result, the cycling performance of this type of electrode is excellent. However, the 

specific capacity (mAh g-1) is low. The second type of electrode material stores Li+ 

by alloying/de-alloying process.7 A wide variety of materials, including Si, Sn, Bi, 

SnO2, SnO fall into this category. The third category is based on conversion reaction 

and the materials include metal oxides, fluorides, oxyfluorides, sulfides, etc.8 The 

second and third type normally have much higher capacity than the first type 

electrode. However, they have poor cycling stability due to the large volume 

expansion and shrinkage during the charge/discharge processes, resulting in 

pulverization of the materials which therefore show poor cyclability. For the 

cathode, there are mainly two types according to their crystal structures. One type 

has a layered structures with Li+ diffusing into the two-dimensional networks. 

Examples include LiCoO2, Li2MoO3.9 The other type has a spinal structure with three 

dimensional diffusion of Li+, and examples include VO2 and LiFePO4.10  

1.1.2. Fabrication and measurement 

    The fabrication of LIBs include the following steps: coating the active electrode 

materials on the current collectors (Cu for anode, Al for cathode), winding them 

with a separator, assembling the wound electrodes into a battery case, filling with 

electrolyte, and sealing the battery case. For the measurement of the assembled 

batteries, CR2032 coin-type cells are used. Electrochemical measurements, 

including CV and EIS, are carried out on a CHI660D electrochemical potentiostat. 
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The galvanostatic charge-discharge measurements are carried out on the LAND 

CT2001A battery system. All the measurements are carried out at room 

temperature.  

1.2. Introduction to oxygen reduction reaction 

Fuel cell technology provides clean and sustainable power by electrochemically 

reducing oxygen and oxidizing hydrogen fuel into water as the only byproduct. The 

components in a typical fuel cell are illustrated in Figure 1.2-1.11 Because of the high 

energy conversion efficiency, environmental friendliness and potential large-scale 

capability, this energy conversion technology has received intensive research 

interests. However, the efficiency of a fuel cell is hindered by the large kinetic 

barrier on the two half-reactions: hydrogen oxidation reaction (HOR) and oxygen 

reduction reaction (ORR), as illustrated in Figure 1.3-1. The latter reaction accounts 

for most of the activation energy due to the four-electron transfer process. In order 

to improve the efficiency of fuel cell, the use of catalysts are needed and platinum 

serves as the best candidate for this purpose due to its high catalytic activity. 

Unfortunately, due to the high cost and scarcity of Pt, the massive use and 

commercialization of fuels are greatly hampered.12-14 In addition, Pt-based 

electrodes also have susceptibility to time-dependent drift and CO deactivation.15 

Therefore, research efforts are needed to identify alternative catalysts that are less 

expensive and based on earth-abundant elements and have high catalytic 

efficiencies for ORR in fuel cells.  
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Figure 1.2-1 Scheme illustration of a fuel cell showing the contunuous supply 

of reactants (hydrogen at the anode and oxygen at the cathode) and redox 

reactions in the cell. (Adapted from reference 11)  

The alternative ORR electrocatalysts can be classified into two different 

categories: non-precious metal-based and metal-free-based systems. For the first 

category, tremendous progress has been made with a few non-precious metal 

catalysts showing comparable or even better ORR catalytic activity than that of Pt.16 

However, to fulfill the requirement for practical application, the synthetic approach, 

the durability and the catalytic activity of these catalysts still needs to be improved. 

The second type of ORR catalysts involve the use heteroatom-doped carbon 

materials. For example, vertically aligned nitrogen-doped carbon nanotube arrays 

can act as metal-free electrodes to catalyze an ORR process with excellent activity 
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and stability.17 In addition, these catalysts are free from the CO poisoning and fuel 

cross-over effects, making them promising candidates in practical applications. 

Following this work, other types of nitrogen-doped carbon materials, such as 

graphene and carbon onions, have also been demonstrated to show ORR activity.18-

19 Later, dopants other than nitrogen, including sulfur, phosphorus and boron, were 

been incorporated into nanocarbons to give ORR-active electrocatalysts.20-23 The 

abundance, stability and processability of carbon materials make metal-free ORR 

catalysts highly promising to replace Pt for application in fuel cells.      

1.3. Introduction to electrocatalysis in water splitting 

Hydrogen gas plays an important role in alternative energy as it is an ultimate 

clean energy and can be used as the fuel for fuel cells. In addition, hydrogen is used 

in chemical industries for ammonia synthesis and hydrogenation. Currently, the 

mass production of hydrogen is achieved from natural gas by a Ni-catalyzed steam 

reforming process and the reactions involved are as follows: 

CH4 + H2O → CO + H2 

CO + H2O → CO2 + H2 

In the above processes, the natural gases are used as starting materials and CO2 is 

emitted. Also, high temperature and large energy input are involved. Altogether, the 

H2 production by natural gas reforming is not clean and sustainable. In addition, the 

purity of H2 produced by this process is low due to the presence of CO, which makes 

the use of the as-produced H2 unsuitable for fuel cell application since CO can cause 
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the deactivation problem in the Pt catalyst.24 Therefore, the development of water 

splitting using water as the starting material would be highly desirable for clean and 

sustainable H2 production. To split water, external energy needs to be applied and 

the energy can come from electricity or from solar energy, resulting in two different 

ways of water splitting technologies: water electrolysis and photocatalytic or 

photoelectrochemical water splitting. In both technologies, the water splitting 

process can be divided into two half-reactions: the hydrogen evolution reaction 

(HER) and the oxygen evolution reaction (OER), as illustrated Figure 1.3-1.  

 

Figure 1.3-1 ORR, OER, HOR and HER and their representative polarization 

curves. (Reproduced from reference 24) 

Due to the sluggish kinetics of these two half reactions, electrocatalysts are 

needed to improve the efficiency. Unfortunately, the most efficient electrocatalysts 

are based on precious metals. For example, Pt is highly active toward HER, while 

RuO2 or IrO2 is highly active toward OER.24 Therefore, the development of 
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inexpensive yet efficient alternative electrocatalysts is required to allow the large-

scale H2 production by water splitting technologies. For HER, layered transition-

metal dichalcogenides (MoS2),25 first-row transition-metal dichalcogenides (CoS2),26 

metal phosphide (CoP),27 and carbon-based compounds (C3N4@NG)28 all have been 

reported to be promising HER electrocatalysts. For OER, first-row transition metal 

oxides, such as Co3O4 and NiFeOx, have been widely investigated as efficient OER 

electrocatalysts owing to their comparable intrinsic electrocatalytic activities to 

RuO2 and IrO2.29,30 

 In order to improve the catalytic activities of these alternative electrocatalysts, 

nanoengineering would be greatly helpful as it can increase the surface area and 

porosity so as to expose more active sites per geometric area. 
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Chapter 2 

Core-Shelled Nanoparticles for Lithium 

Storage and Hydrogen Production 

2.1. Fe2O3@C as Anode Materials for Lithium-Ion Batteries 

This sub-chapter was mostly copied from reference 47. 

2.1.1. Introduction 

Rechargeable lithium ion batteries (LIBs) are attractive sustainable energy 

storage devices that are environmentally friendly with high output voltage and 

energy. LIBs with high energy/power density and long cycle life are desirable for 

applications in portable devices and plug-in hybrid electric vehicles.1,2 Conventional 

LIBs use graphite as the anode material, which has good cycle stability but a limited 

theoretical specific capacity of 372 mAh/g. By comparison, transition metal oxides, 

such as Fe2O3,3 Fe3O4,4 Co3O4,5 CoO,6 MnO7 and NiO,8 have proven to be effective in 



 

13 
 

Li+ storage with much larger specific capacities. In particular, Fe2O3 has a theoretical 

specific capacity of 1005 mAh/g which, combined with its low cost, abundance and 

low toxicity, makes Fe2O3 attractive to store Li+ as anode material.3,9 However, Fe2O3 

stores Li+ using the so-called reconstitution reaction, during which Fe2O3 is 

decomposed and reformed repeatedly during charge-discharge operations.10 This 

process involves drastic volume changes, which would cause fragmentation of the 

anode and the destruction of the solid electrolyte interface (SEI) film, leading to fast 

decay of specific capacity.11,12 Besides its poor cycle stability, another challenge for 

Fe2O3 to be used as an anode material is its limited rate capability that results from 

its low electrical and ionic conductivity.13 

To overcome these problems, decreasing the particle size to the nano-range 

and coating the particles with conductive carbon shells improves the stability and 

kinetics of the Fe2O3 electrode. The capacity-fading problem was partially resolved 

by the use of nanoparticles because of their better accommodation of the strain 

from volume expansion,14 and the rate capability was improved due to the shorter 

path length for electrons and Li+ in nanoparticles than in bulk material.15 However, 

the high surface area of nanoparticles means larger contact area between the 

electrode and electrolyte, which would lead to larger irreversible capacity and thus 

lower Coulombic efficiency due to the increased amounts of unstable SEI.16,17 The 

use of the carbon coating stabilizes the SEI by avoiding direct contact of the metal 

oxide nanoparticles with the electrolyte.18 In addition, the carbon coating further 

improves cycle stability by lowering the volume change during charge-discharge 

operations and prevents some side reactions between electrode and electrolyte.19,20 
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The rate capability can be further improved by the enhanced electrical conductivity 

due to the carbon coating.14,20 

With the realization of the merits of nano-sized materials with carbon coatings, 

carbon-coated iron oxide (Fe2O3 or Fe3O4) nanospheres,21 nanorods,12,22 

nanospindles14 and nanowires23 have been prepared and they exhibited improved 

electrochemical performance when used as anode materials for LIBs. However, the 

carbon coatings to date were of low quality, primarily in an amorphous form, as the 

growth temperatures were intentionally kept low, at 400 to 600 °C, compared to the 

high temperature required to obtain graphitic carbon without using metallic 

catalysts.24,25 Low temperatures also prevented the aggregation of nanoparticles as 

well as the reduction of iron oxide to metallic iron through a carbothermal 

reduction process.26 As a result, the cycle stability and rate capability of these 

materials demonstrated limited improvement. In this paper, we report the design 

and synthesis of iron oxide nanoparticles (5 to 20 nm in diameter) coated with 

uniform and thin graphitized carbon shells (2 to 5 layers) well dispersed on 

graphene sheets. Benefiting from the protective and conductive graphitized carbon 

shells and graphene sheets, this nanocomposite displays superior electrochemical 

performance in Li+ storage with excellent cycle stability, rate capability, large 

specific capacity and high Coulombic efficiency. 
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2.1.2. Experiments 

2.1.2.1. Materials Synthesis 

All chemicals were purchased from Sigma-Aldrich unless otherwise specified. 

Graphene oxide (GO) was synthesized from graphite flakes (~150 μm flakes) using 

the improved Hummers method.46 In a typical experiment, Fe3O4@G nanocomposite 

was prepared by thermally decomposing Fe(acac)3 (300 mg) in a three-necked flask 

with the reducing reagent 2-pyrrolidone (40 mL) in the presence of GO (50 mg). The 

mixture was first bath-sonicated with N2 bubbling for 10 min, then heated to 245 °C 

under N2 and held at reflux for 30 min with stirring. The resulting black suspension 

was quenched with acetone, followed by filtration through a 

polytetrafluoroethylene (PTFE) membrane (0.45 μm) and washing the filter cake 

with 10 mL of acetone (3 ×). The final product was obtained after drying at 70 °C in 

vacuum (140 Torr) for 24 h.27 

Fe2O3@C@G was prepared by a two-step CVD growth and a subsequent heating 

treatment in air.  Fe3O4@G was placed a standard 1-in quartz tube furnace for 30 

min at 450 °C while feeding H2 (200 sccm) at ambient pressure. After that, the H2 

was turned off and CH4 (200 sccm) was turned on. The temperature was increased 

to 800 °C and the reaction was allowed to proceed for another 30 min. The samples 

were fast-cooled to room temperature by quickly removing them from the hot zone 

of the CVD furnace under Ar flow. Lastly, the samples were loaded into a quartz boat 

and heated for 20 h at 280 °C in air. 
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2.1.2.2. Materials Characterizations 

SEM was performed using FEI Quanta 400 high-resolution field emission 

scanning electron microscope in high vacuum mode. TEM was performed using 

JEOL 2100 field emission gun transmission electron microscope. XRD was carried 

out on a Rigaku D/Max Ultima II using Cu Kα radiation.  TGA analyses were 

performed on a Q50 TA Instrument analyzer at temperatures ramping from 25 °C to 

900 °C at a rate of 5 °C/min under air. XPS spectra were taken on a PHI Quantera 

SXM scanning X-ray microprobe. Al anode at 25 W was used as an X-ray source with 

a pass energy of 26.00 eV, 45° take off a

energy of 140 eV was used for survey and 26 eV for atomic concentration. Specific 

surface area and pore size distribution were calculated by measuring N2 

adsorption-desorption isotherms at 77 K with a Quantachrome Autosorb-3B Surface 

Analyzer. 

2.1.2.3. Electrochemical Measurements 

The electrochemical characteristics were determined by assembling the 

electrodes into 2032-type coin cells. For the Fe2O3@C@G sample, the working 

electrode was composed of the active materials (90 wt%) and PVDF (10 wt%) as 

binder. No conductive additives were added. For the Fe3O4 control sample,  the 

electrode consisted of 10 wt% PVDF, 70 wt% active material and 20 wt%  acetylene 

black (Super-P) so that the carbon content was the same as the Fe2O3@C@G 

electrode. Lithium foils were used as counter and reference electrodes. A 1 M LiPF6 

in a 1:1 (vol/vol) mixture of ethylene carbonate and dimethyl carbonate was used as 
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electrolyte and polypropylene membrane was used as separator. The batteries were 

assembled in an argon-filled glove-box and galvanostatic charge-discharge were 

performed at current density ranges from 100 mA/g to 2000 mA/g in the voltage 

range between 0.01 V and 3 V at room temperature. 

2.1.3. Results and Discussion 

The preparation of Fe2O3@C@G is illustrated in Figure 2.1-1. We started with a 

nanocomposite of magnetite nanoparticles on graphene sheets (Fe3O4@G). The 

Fe3O4 nanoparticles were synthesized according to an established protocol27 in the 

presence of graphene oxide (GO) (see Experimental section for details). The GO 

oxygen functional groups facilitate the nucleation and growth of Fe3O4 

nanoparticles. The resulting Fe3O4@G was then placed in a CVD furnace to grow the 

carbon coating using a two-step synthesis procedure, during which the GO was 

converted to graphene. In the first step, the Fe3O4 nanoparticles were reduced in a 

H2 atmosphere at 450 °C to metallic Fe nanoparticles, which would then act as 

catalysts for the growth of graphitic carbon in the following step. Second, 

semipermeable graphitized carbon shells were grown around the Fe nanoparticles 

using CH4 as a carbon source at 800 °C to obtain carbon-coated Fe on graphene 

(Fe@C@G). Finally, Fe in the core structure was oxidized in air at 280 °C to Fe2O3 to 

obtain the final product Fe2O3@C@G.  The graphitic carbon coating was rendered 

more permeable during this process due to expansion upon oxidation.  
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Figure 2.1-1. Illustration of the synthesis of the Fe2O3@C@G nanocomposite 

via a two-step CVD reduction and carbon growth followed by air oxidation.   

Figure 2.1-2 shows scanning electron microscopy (SEM) and TEM images of the 

Fe@C@G nanocomposite. From the SEM image (Figure 2.1-2a), small nanoparticles 

were closely and evenly packed on the surface of the graphene sheets. The low 

magnification TEM image (Figure 2.1-2b) shows individual graphene sheets 

homogenously decorated with nanoparticles 5 to 20 nm in diameter. The small size 

and uniformity of these nanoparticles was maintained after the 800 °C treatment; 

apparently the strong interaction between the graphene sheets and the 

nanoparticles prevented their aggregation. From the high resolution TEM images 

(Figure 2.1-2c,d), it can be seen that the nanoparticles are uniformly coated with 

thin graphitized carbon shells with a thickness of 2 to 5 layers. The CVD method is 

known to produce a uniform and complete carbon coating, making it a coating 

technique superior to others such as ball milling,28 wet mixing,29 and hydrothermal 

treatment.30,31 From the high resolution TEM image in Figure 2.1-2d, the core 
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structure is crystalline and the lattice fringes with an interlayer distance of 0.201 

nm correspond to the spacing between (110) planes of α-Fe crystals.  

 

Figure 2.1-2. (a) SEM image of Fe@C@G. (b-d) TEM images of Fe@C@G at 

different magnifications. (d) shows the Fe0 lattice fringes with the 

surrounding graphene shells (indicated by arrow). 
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Fe@C@G was then subjected to air oxidation to convert Fe to Fe2O3, which 

would then be used as the active material for Li+ storage in the assembled LIB 

device. Figure 2.1-3a,b shows the low and high resolution TEM images of 

Fe2O3@C@G. It can be seen that the morphology of the sheet-like structure of 

Fe2O3@C@G is quite similar to Fe@C@G, but with less contrast due to the lower 

electrical conductivity of Fe2O3. The images show that the carbon shells were well 

preserved after air oxidation. Any cracking of the thin carbon shells because of 

nanoparticle expansion during the oxidation may enable the transport of Li+ 

through the carbon shells. Interestingly, apart from the solid core-shell structure, 

we also observed some nanoparticles with yolk-shell structure, which can be 

explained by a nanoscale Kirkendall-effect during the oxidation reaction.32 The 

elemental mapping analysis (Figure 2.1-3c-f), shows a uniform distribution of C, Fe 

and O.  
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Figure 2.1-3 (a) Low and (b) high magnifications TEM images of Fe2O3@C@G. 

(c) Energy filter transmission electron microscopy (EFTEM) image and 

corresponding elemental mapping images of (d) carbon (e) iron and (f) 

oxygen, showing the homogeneous dispersion of iron and oxygen on the 

graphene sheets. Scale bars in c-f are 50 nm. 

X-ray photoelectron spectroscopy (XPS) was used to determine the chemical 

composition of the Fe2O3@C@G nanocomposite. The survey spectrum (Figure 2.1-

4a) shows peaks characteristic of Fe, O, and C. The Fe2p spectrum (Figure 2.1-4b, 

red curve), which is sensitive to iron valence state, shows that the peaks for Fe2p3/2 

and Fe2p1/2 from Fe2O3@C@G are at 710.7 eV and 724.2 eV (compared to 707.0 eV 

and 720.3 eV for metallic Fe in the Fe@C@G composite before the air oxidation 
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treatment, as shown in the black curve in Figure 2.1-4b), consistent with Fe2O3.33 In 

addition, the presence of the satellite peak in Fe2O3@C@G is characteristic of Fe3+ in 

Fe2O3.34 The iron oxide formed here was identified to be the hematite phase by XRD. 

The absence of peaks representing metallic Fe and Fe3C in the XRD pattern, 

combined with the Fe2p XPS spectra discussed above, indicates the successful 

conversion of Fe to Fe2O3 by air oxidation. The specific surface area and pore size 

distribution of Fe2O3@C@G were analyzed using nitrogen adsorption 

measurements. The adsorption/desorption isotherm and pore size distributions are 

shown in Figure 2.1-5. The Brunauer-Emmett-Teller (BET) surface area of 

Fe2O3@C@G was calculated to be 156 m2/g, which is higher than the surface areas 

for other reported iron oxide carbon composites (<120 m2/g)14,18,35 and 

mesoporous iron oxides (116-128 m2/g).36,37 This higher surface area should 

facilitate the surface electrochemical reaction. The pore size distribution curve 

plotted from the desorption isotherm using the Barrett-Joyner-Halenda (BJH) 

method revealed the presence of pores of size ~ 38 nm. The Fe2O3 content was 

determined to be ~78 wt% in the nanocomposite by thermal gravimetric analysis 

(TGA) performed in air. 
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Figure 2.1-4 (a) XPS survey spectrum of Fe2O3@C@G. (b) Fe2p spectrum of 

Fe@C@G (black curve) and Fe2O3@C@G (red curve). 

 

Figure 2.1-5 (a) Nitrogen adsorption/desorption isotherm and (b) pore size 

distribution of Fe2O3@C@G. 

To test the electrochemical performance of the composite when used as an 

anode in a LIB, coin cells were fabricated using metallic lithium foil as the counter 

electrode; the working electrode was prepared by mixing the composite with 
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poly(vinylidene difluoride) (PVDF) at a weight ratio of 90:10. In contrast to other 

studies,14,18,22,38 no other conductive additives were added since we expected good 

electrical conductivity from the graphene sheets and graphitized carbon shells. The 

lack of additional conductive materials has a crucial practical implication since the 

additional weight of an additive would lower the specific capacity of the electrode. 

Figure 2.1-6a shows the galvanostatic charge-discharge profiles for the 1st and 2nd 

cycles at a current density of 100 mA/g in the voltage range from 0.01 to 3 V. The 1st 

discharge curve consists of two slope regions and a plateau. The first slope from 1.5 

V to 0.8 V is attributed to the Li+ insertion into the iron oxide lattice accompanied by 

a reduction from Fe3+ to Fe2+.33 The plateau at ~0.8 V is due to the further 

conversion of Fe2+ to metallic Fe0.39 The second slope after 0.8 V is due to the 

reversible Li+ storage in the graphene sheets and the decomposition of the 

electrolyte. The 1st discharge and charge specific capacity were found to be 1038 

mAh/g and 891 mAh/g, respectively, and this gives 1st cycle Coulombic efficiency of 

86%. The irreversible 14% capacity loss is mainly due to the electrolyte 

decomposition and the formation of the SEI.10,40,41 The 1st cycle Coulombic efficiency 

is higher than those reported for carbon coated CNT@Fe2O3 (55%),42 polypyrrole-

coated Fe2O3@C (70%),11 Fe3O4/C core-shell nanorods (71.7%)22 or carbon coated 

Fe3O4 nanospindles (80%).14 The reduced irreversible capacity of Fe2O3@C@G 

compared to these composites can be ascribed to the complete carbon coating of the 

Fe2O3, which apparently prevents direct contact of the electrolyte with the iron 

oxide nanoparticles and stabilizes the SEI formed on the interface.19,38 The increased 

Coulombic efficiency is critical in practical applications, as lower Coulombic 
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efficiency correlates to loss of Li+ from the cathode material, which would add 

weight to a fully configured battery.43 

 

Figure 2.1-6 (a) Galvanostatic charge-discharge profiles of the first two cycles 

of Fe2O3@C@G at a current density of 100 mA/g and a voltage range of 0.01 to 

3 V. (b) The cycle performance of Fe2O3@C@G at a current density of 100 

mA/g. (c) Rate performance of Fe2O3@C@G at 5 different current densities 

and (d) the corresponding charge-discharge profiles at each current density.  

From the 2nd cycle onwards (Figure 2.1-6b), the discharge capacity slightly 

decreased from 726 mAh/g to 673 mAh/g after the following 10 cycles and then 

gradually increased to 864 mAh/g after 100 cycles, corresponding to a 20% increase 
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compared to the discharge capacity at the 2nd cycle. The specific capacity increase 

may be due to the formation of a gel-like layer or an activation process to allow the 

full utilization of the well-coated iron oxide nanoparticles.10,44 The Coulombic 

efficiency remained near 99% after 10 cycles, indicative of the stability of the SEI 

film and good reversibility of the electrochemical reactions.11,45 The morphology of 

the Fe2O3@C@G electrode after 100 cycles was further examined by TEM and it can 

be seen from Figure 2.1-7a that the nanoparticles were still well encapsulated in the 

carbon shells, which helps explain the good cycle stability of Fe2O3@C@G electrode. 

To explore the long-term cycle stability at a high charge-discharge rate, the 

Fe2O3@C@G electrode was first cycled 5 times at a current density of 100 mA/g and 

then cycled up to 300 times at a relatively high current density of 2000 mA/g. For 

comparison, the cycle test was also performed on bare Fe3O4 nanoparticles, which 

were synthesized using the same synthesis method, however, they had no GO or 

carbon coatings. The charge-discharge profiles for the first two cycles and the 100 

cycle performance at a current density of 100 mA/g for the control Fe3O4 electrode 

are shown in Figure 2.1-8. The control Fe3O4 electrode had a 1st discharge and 

charge capacity of 1522 mAh/g and 1010 mAh/g, respectively, producing a much 

lower first cycle Coulombic efficiency of 66%. After ten cycles, it suffered a sharp 

capacity decay with a negligible specific capacity of ~30 mAh/g remaining. This 

indicates that the cycle performance of the Fe2O3@C@G electrode was greatly 

improved by the uniform distribution of Fe2O3 on graphene sheets and the 

graphitized carbon coating around the Fe2O3 nanoparticles.  
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Figure 2.1-7 (a) TEM image of Fe2O3@C@G electrode after 100 cycles at 100 

mA/g. (b) Nyquist plots of ac impedance spectra in the frequency range 

between 100 kHz and 10 mHz.  

In addition to its superior cycle performance, the Fe2O3@C@G electrode also 

shows excellent rate capability. The rate capability was evaluated by cycling the 

electrode 10 times each at 5 different current densities; the results are shown in 

Figure 2.1-6c-d. At discharging current densities as high as 1000 mA/g and 2000 

mA/g, the specific capacities remained at 480 mAh/g and 430 mAh/g, 

corresponding to 67% and 60 % retention compared to 100 mA/g. In addition, 

when the current density was reduced back to the initial 100 mA/g, the specific 

capacity recovered to ~ 750 mAh/g, indicating that the structure of the electrode 

remained stable even after the high rate cycling. To reveal the good conductivity of 

Fe2O3@C@G electrode, electrochemical impedance spectra (EIS) was performed 

after two cycles of charge-discharge at 100 mA/g and the resulted Nyquist plots of 

the Fe2O3@C@G electrode and control Fe3O4 electrode are compared in Figure 2.1-
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7b. It reveals that the Fe2O3@C@G electrode has a much lower charge transfer 

resistance than that of Fe3O4 (~ 105 vs. ~ 190 Ω), indicating faster Li+ diffusion and 

electron transfer in Fe2O3@C@G electrode.  

 

Figure 2.1-8 (a) Galvanostatic charge-discharge profiles of the first two cycles 

of bare Fe3O4 with current density of 100 mA/g at voltage range of 0.01-3V. (b) 

The cycle performance of bare Fe3O4 at current density of 100 mA/g. 

 

The high Coulombic efficiency, cycle stability and rate capability of Fe2O3@C@G 

can be attributed to the following factors: 1) the small size of the iron oxide 

nanoparticles that allows fast transport of electrons and Li+ ions; the large surface 

area provides an efficient interface for the electrochemical reaction; 2) the electrical 

conductivity of the composite is greatly improved by the hierarchically conductive 

network resulting from the uniform and continuous graphitized carbon coating as 

well as from the graphene sheets, which act as nano-current collectors to electrically 

interconnect the physically isolated iron oxide nanoparticles with conductive 

carbon shells; 3) carbon coating shells and graphene sheets improve the structural 
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integrity and robustness of the electrode by suppressing sintering and volume 

change during cycling. In addition, they presumably prevent direct contact between 

the iron oxide nanoparticles and electrolyte during cycling, thus decreasing the 

irreversible capacity coming from the formation and propagation of an unstable SEI. 

2.1.4. Conclusions 

In summary, we have successfully developed a strategy to coat Fe2O3 with a 

uniform and thin graphitized carbon shell using a CVD-based method; graphene 

sheets were added as space restrictors to prevent high temperature aggregation of 

nanoparticles. The resulting Fe2O3 nanoparticles in the Fe2O3@C@G nanocomposite 

are 5 to 20 nm in size and are encapsulated with thin graphitized carbon shells (2 to 

5 layers). In addition, these Fe2O3 nanoparticles with core-shell structure are evenly 

distributed on two-dimensional graphene sheets, which act as nano-current 

collectors to electrically interconnect the physically separated Fe2O3 nanoparticles.  

In this unique architecture, the carbon shells and graphene sheets provide electrical 

networks to allow fast and efficient electron transport, they strengthen the 

structural integrity and robustness of the electrode and they suppress the 

aggregation/sintering of the electrode. The carbon coatings on each individual Fe2O3 

nanoparticle prevent the direct contact of electrode and electrolyte. As a result, the 

conductive additive-free Fe2O3@C@G electrode shows outstanding Li+ storage 

properties with large reversible specific capacity (~864 mAh/g) after 100 cycles at 

a current density of 100 mA/g, excellent cyclic stability (~120% retention after 100 

cycles at 100 mA/g), high Coulombic efficiency (~99%), and good rate capability. 
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This effective strategy can be extended to construct other hybrid architectures of 

nano-carbon (e.g., graphene, graphene nanoribbons, carbon nanotubes) and metal 

oxides toward high-performance metal oxide-based anode material for LIB and 

other energy storage devices. 
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2.2. LiFePO4@C as Cathode Materials for Lithium-Ion Batteries 

This sub-chapter was mostly copied from reference 16. 

2.2.1. Introduction 

Lithium iron phosphate, LiFePO4, is considered to be the most promising 

cathode material due to its low cost, low toxicity, and high safety.1,2 However, its 

lithium storage performances are limited by its poor rate capability (fast decay of 

specific capacity at high charge-discharge rate) resulting from the intrinsically slow 

diffusion of Li+ through its one dimensional structural channels and low electrical 

conductivity.3,4 Numerous efforts have been tried to address this problem by 

tailoring the particle size into the nano-range to decrease the ionic and electrical 

path length and/or by conductive coating (carbon coating in particular) to enhance 

the electrical conductivity.5,6 

Traditionally, LiFePO4 is synthesized by solid state reaction at high 

temperature (typically > 600 °C), at which nanoparticles tend to melt or aggregate 

to form larger particles.7 To circumvent this problem and achieve nano-sized 

LiFePO4, some low-temperature methods have been developed but with the 

sacrifice of crystallinity, and thus the resulting LiFePO4suffered from low 

electrochemical stability.1,8 As a result, solid state reaction still remains the most 

effective method to obtain highly crystalline LiFePO4with olivine structure. 

As for carbon-coated LiFePO4, various synthetic coating methods and the effect 

of carbon coating quality on the properties of the C/LiFePO4 composite have been 
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recently reviewed and it was emphasized that uniform and highly graphitic carbon 

coatings are ideal, which ensures efficient electron transfer between LiFePO4 

particles.9 Up to now, most of the carbon coating strategies involve the addition of 

carbon-containing precursors (such as citric acid, glucose, and benzene) into 

lithium, iron and phosphorus sources during the formation of LiFePO4 by solid state 

reaction, hydrothermal reaction and sol-gel reaction.10-12 However, the as-obtained 

carbon coatings were not uniform and the coated carbon was mainly amorphous 

with limited improvement of conductivity. The highly conductive graphitic carbon 

could only be obtained in the presence of metallic catalyst (e.g. Fe, Co and Ni) at 

relatively low temperature.1 

The above background suggests that it remains a challenge to achieve a 

uniform and high quality (graphitic) carbon coating while producing the LiFePO4 

particle in the nanosize range.2,5,9  In this communication, we have obtained highly 

crystalline LiFePO4 nanoparticles encapsulated in graphene nanoshells 

(LiFePO4@GNS) by performing solid state reactions between metallic Fe0 

encapsulated in graphene nanoshells (Fe@GNS) and LiH2PO4. Benefiting from the 

highly conductive graphene shells and nano-sizedLiFePO4, the LiFePO4@GNS 

nanocomposite exhibits excellent cycle and rate performances when used as a 

cathode material for lithium-ion batteries. 

2.2.2. Experiments 

2.2.2.1. Materials Synthesis 

Preparation of Fe encapsulated in graphene nanoshell (Fe@GNS). Fe@GNS was 
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prepared by a two-step CVD growth process, using Fe3O4 nanoparticles on graphene 

(Fe3O4-G) as starting material, similar to our previous report (Ref. 13 in main 

manuscript). 

The starting material Fe3O4-G used in this CVD process was prepared by 

thermally decomposing Fe(acac)3 (300 mg) in a three-necked flask with the 

reducing reagent 2-pyrrolidone (40 mL) in the presence of graphene oxide (GO, 50 

mg), which was synthesized from graphite flakes (~150 μm flakes) using the 

improved Hummers method.1 The mixture was first bath-sonicated with N2 bubbling 

for 10 min, then heated to 245 °C under N2 and held at reflux for 30 min with 

stirring. The resulting black suspension was quenched with acetone, followed by 

filtration through a polytetrafluoroethylene (PTFE) membrane (0.45 μm) and 

washing the filter cake with 10 mL of acetone (3 ×). The final product was obtained 

after drying at 70 °C in vacuum (140 Torr) for 24 h. 

Fe3O4-G was placed in a standard 1-in quartz tube furnace for 30 min at 450 °C 

while feeding H2 (200 sccm) at ambient pressure. After that, the H2 was turned off 

and CH4 (200 sccm) was turned on. The temperature was increased to 800 °C and 

the reaction was allowed to proceed for another 30 min. The samples were fast-

cooled to room temperature by quickly removing them from the hot zone of the CVD 

furnace under Ar flow. 

Conversion of Fe@GNS to LiFePO4@GNS. Fe@GNS was mixed with LiH2PO4 

(molar ratio of Fe: Li: P = 1: 1: 1) in ethanol as dispersing solvent and manually 

ground using a mortar and pestle for 1 h. The resulting mixture was then heated in 

air at 300 °C for 5 h to oxidize the metallic Fe in Fe@GNS into Fe3+. Finally, the 
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mixture was annealed at 500 °C in a slightly reducing atmosphere (Ar: H2 = 95/5) 

for 8 h and the product LiFePO4@GNS was obtained 

2.2.2.2. Materials Characterizations 

    SEM was performed using FEI Quanta 400 high-resolution field emission scanning 

electron microscope in high vacuum mode. TEM was performed using JEOL 2100 

field emission gun transmission electron microscope. XRD was carried out on a 

Rigaku D/Max Ultima II using Cu Kα radiation.  TGA analyses were performed on a 

Q50 TA Instrument analyzer at temperatures ramping from 25 °C to 900 °C at a rate 

of 5 °C/min under air. XPS spectra were taken on a PHI Quantera SXM scanning X-

ray microprobe. Al anode at 25 W was used as an X-ray source with a pass energy of 

26.00 eV, 45° take off angle, and a 100 mm beam size. A pass energy of 140 eV was 

used for survey and 26 eV for atomic concentration. 

2.2.2.3. Electrochemical Measurements 

    The electrochemical characteristics were determined by assembling the 

electrodes into 2032-type coin cells. The working electrode was composed of the 

active materials LiFePO4@GNS (90 wt%) and poly(vinylidene difluoride) (10 wt%) 

as binder. The working electrode slurry was pasted on Al foil and dried under 

vacuum at 120 °C for 12 h. Lithium foils were used as counter and reference 

electrodes. A 1 M LiPF6 in a 1:1 (vol/vol) mixture of ethylene carbonate and 

dimethyl carbonate was used as electrolyte and a polypropylene membrane was 

used as the separator. The batteries were assembled in an argon-filled glove-box 
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and galvanostatic charge-discharge were performed at current density ranges from 

17 mA/g to 3400 mA/g in the voltage range between 2 V and 4.3 V at room 

temperature. 

2.2.3. Results and Discussion 

The starting material Fe@GNS was prepared according to our recently reported 

CVD coating method by using CH4 as carbon source and graphene oxide sheets as 

space restrictors to prevent high temperature aggregation.13 As shown in Figures 

2.2-1a,b, this nanocomposite consists of Fe@GNS nanoparticles with a core-shell 

structure by transmission electron microscopy (TEM). The as-formed carbon 

coating is uniform, continuous and graphitic due to the use of the metallic Fe0 

catalyst for carbon growth. As illustrated in Figure 2.2-1c, to transform Fe@GNS into 

LiFePO4@GNS, Fe@GNS was first mixed with LiH2PO4 and heated in air at 300 °C for 

8 h to oxidize Fe0 to Fe3+. The mixture was then annealed at 500 °C for 8 h in a 

slightly reducing atmosphere (Ar:H2 = 95%:5%) to allow the reaction between the 

carbon-coated interior Fe source with the exterior Li and P sources to form LiFePO4. 

During this solid state reaction process, severe high temperature aggregation of the 

nanoparticles was avoided with the presence of graphene layers, which acted as 

protective shells due to their high thermal and chemical stability. By this synthetic 

design, nanosized LiFePO4 was obtained with a uniform graphitic carbon coating. 
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Figure 2.2-1 TEM images of Fe@GNS with core shell structures at (a) low and 

(b) high magnifications. (c) Scheme illustrating the synthetic route to 

LiFePO4@GNS, starting from Fe@GNS.  

Figure 2.2-2a compares the Fe 2p3/2 spectra of LiFePO4@GNS and Fe@GNS. The 

Fe in the Fe@GNS was in metallic form (~ 707 eV); however, after the solid state 

reaction, the Fe in LiFePO4@GNS was in Fe2+ form (~ 711 eV),14 consistent with the 

Fe oxidation state in LiFePO4. X-ray diffraction (XRD) was then used to identify the 

phase of as-prepared LiFePO4@GNS and it can be seen that all the peaks can be 

indexed as orthorhombic LiFePO4 (JCPDS No. 40-1499). 
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Figure 2.2-2 (a) XPS spectra of Fe 2p3/2 of LiFePO4@GNS and Fe@GNS. (b) 

XRD pattern of LiFePO4@GNS. 

Figure 2.2-3a show the low-magnification TEM image of the resulting 

LiFePO4@GNS nanocomposites. Though there are some large particles of ~100 nm 

in diameter, the majority of the particles were on the scale of tens of nm, indicating 

that high temperature aggregation or sintering problem was greatly retarded due to 

the protective graphene shells around each individual nanoparticle. The high-

magnification TEM image in Figure 2.2-3b reveals the core-shell structure of a 

typical LiFePO4@GNS nanoparticle (~20 nm in diameter); the core structure of the 

LiFePO4was highly crystalline and was coated by uniform and continuous shells 

consisting of ~ eight-layer graphene. The contact between the LiFePO4nanopaticles 

and surrounding graphene layers ensured effective electron transfer. The carbon 

content in the composite was estimated to be ~5.1 wt% by the thermogravimetric 
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analysis (TGA), with the knowledge that the oxidation of LiFePO4 to Li3Fe2(PO4)3 

and Fe2O3 would result in a weight gain of 5.07 wt%.15 Elemental mapping analysis 

in Figure 2.2-3c-g shows similar distributions of C, Fe, P and O. The TEM analysis 

suggests that the exterior oxygen, lithium and phosphorus sources were able to 

penetrate through the thin graphene shells to react with the interior iron source to 

form LiFePO4 without severe aggregation or destroying the graphene shells. 

 

Figure 2.2-3 Characterization of the LiFePO4@GNSnanocomposite. (a) Low 

magnification TEM image. (b) High magnification TEM image of an individual 

LiFePO4@GNS nanoparticle, showing the core-shell structure. The inset shows 

the FFT image of the corresponding nanoparticle, indicating that the 

nanoparticle is in crystalline form. (c) Energy filter transmission electron 

microscopy (EFTEM) image of LiFePO4@GNS and corresponding elemental 

mapping images of (d) carbon, (e) iron, (f) phosphorus and (g) oxygen, 
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showing the similar distributions of these elements. Scale bars in c, d, e, f and g 

are 100 nm.    

To investigate the electrochemical performance of the LiFePO4@GNS 

nanocomposite, coin cells were fabricated using metallic lithium foil as the counter 

electrode, and the working electrode was prepared by mixing the composite with 

poly(vinylidenedifluoride) (PVDF) at a weight ratio of 90:10. Considering the good 

conductivity of LiFePO4@GNS from the coated graphene shells, no conductive 

additive was added. Figure 2.2-4a shows the cyclic voltammetry curves at different 

scan rates. Two redox peaks are observed between 3.3 V and 3.6 V (vs. Li/Li+) at a 

scan rate of 0.1 mV/s. These well-defined peaks correspond to the insertion and de-

insertion of Li+ in the LiFePO4 nanoparticles and are still clearly visible at higher 

scanning rates with wider separation of peak position. Figure 2.2-4b shows the 

charge-discharge profiles at a current density of 17 mA/g (corresponding to 0.1 C) 

and a featured plateau was observed in the charge-discharge curves at a voltage of ~ 

3.45 V that is characteristic of LiFePO4. The small gap (~ 45 mV) between the charge 

and discharge plateau indicates that the overpotential during the charge-discharge 

process was small, which can be ascribed to the good ionic and electronic 

conductivity of the LiFePO4 nanoparticles coated with conductive graphitic carbon. 

The discharge and charge specific capacity were calculated to be 145 mAh/g and 

150 mAh/g, respectively, giving a Coulombic efficiency of 97% for the first cycle at a 

current density of 17 mA/g. The rate capability was evaluated by applying different 

current densities for the charge-discharge tests and the results are shown in Figure 

2.2-4c. At current densities of 170 mA/g (1 C), 850 mA/g (5 C) and 1700 mA/g (10 
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C), the discharge specific capacities were 128 mAh/g, 98 mAh/g and 84 mAh/g, 

respectively. At a current density as high as 3400 mA/g (20 C), the nanocomposite 

delivered 54 mAh/g.When the current density was cycledback to 17 mA/g, the 

discharge specific capacity remained at 143 mAh/g, demonstrating its high power 

performance and stability. To examine the long-term cycle performance of the as-

prepared LiFePO4@GNS electrode, it was cycled at a current density of 170 mA/g 

and after 1000 cycles, the specific capacity remained at 122 mAh/g with 95.3% 

retention compared with that of the first cycleas shown in Figure 2.2-5a. In addition, 

the discharge curves (Figure 2.2-5b) of 1st cycle and 1000th cycle retained a similar 

shape, suggesting its excellent cycle performance. 



 

44 
 

 

Figure 2.2-4 Electrochemical characterization of the prepared LiFePO4@GNS. 

(a) Cyclic voltammetry tests at various scan rates in the potential range of 2.0 

to 4.3 V (vs. Li/Li+). (b) Charge-discharge profiles at current density of 17 

mA/g (0.1C) in the potential range of 2.0 to 4.3 V (vs. Li/Li+). (c) The rate 

performances at different current densities.  
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Figure 2.2-5 (a) Cycling performances at current density of 170 mA/g (1 C) 

between 2.0 and 4.3 V. (b) Discharge profiles for the 1st and 1000th cycles.  

2.2.4. Conclusions 

    In summary, highly crystalline LiFePO4 nanoparticles encapsulated in continuous 

and uniform graphene nanoshells have been synthesized by solid state reaction 

between carbon-coated Fe nanoparticles and LiH2PO4. When used as a lithium ion 

battery cathode, the LiFePO4@GNS exhibits excellent cycling stability and rate 
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capability, which can be ascribed to the fast ionic diffusion in the crystalline nano-

sized LiFePO4 as well as the efficient electron transport and transfer that benefits 

from the highly conductive graphitic carbon coatings.  The current process could be 

extended to the preparation of other carbon-coated lithium metal oxide 

nanocomposites for use in lithium ion battery materials. 
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2.3. Co@NC for Hydrogen Evolution 

This sub-chapter was mostly copied from reference 48. 

2.3.1. Introduction 

    Hydrogen is proposed as a promising energy carrier in our energy landscape since 

it is oxidized to water, it has a high gravimetric energy density, and it is 

renewable.1,2 Electrolysis of water has been widely investigated as a sustainable 

method to produce H2 fuel through the hydrogen evolution reaction (HER). The 

efficiency of HER relies on the use of high-performance electrocatalysts; Pt-based 

catalysts remain the most effective for this purpose.3 However, the scarcity and high 

cost of Pt limits its commercialization and widespread use.4 This fact has led to 

extensive research into developing efficient and less expensive alternatives using 

non-noble-metal electrocatalysts. For example, layered transition-metal 

dichalcogenides (MoS2,5,6 WS2,4,7 MoSe2,8 WSe2,9), first-row transition-metal 

dichalcogenides (CoS2,10,11 CoSe2,12), metal phosphide (CoP,13,14 NiP,15,16 Cu3P,17 

MoP,18), carbide (MoC,19,20 WC,21), boride (Ni2B,22 MoB,19), nitride (W2N,23 

Co0.6Mo1.4N2,24) and carbon-based compounds (C3N4@NG,25 N,P-graphene,26) all 

have been reported to be promising HER electrocatalysts. 

    Transition-metal-containing nanoparticles (NPs) encapsulated in carbon layers 

have been used in the design of advanced electrode (anode and cathode) materials 

with improved rate capability and cycling life for energy storage in lithium ion 

batteries.27-30 This is mainly because conductive carbon layers can provide efficient 
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electron transport paths while suppressing the pulverization problem during the 

battery charge-discharge process.31,32 However, only very recently have transition-

metal nanoparticles in carbon layers found application in the field of energy-related 

electrocatalysis. For example, Hu et al. found that iron carbide NPs encased in 

graphite layers were highly active electrocatalysts for the oxygen reduction reaction 

(ORR) in both acid and alkaline electrolytes.33 Wen et al. reported the use of 

nitrogen-enriched core-shell structured catalysts with Fe/Fe3C nanorods as the core 

and graphite carbon as the shell for ORR with improved activities and kinetics in 

neutral electrolyte.34 More recently, there were two works reported using Co or 

FeCo alloy NPs embedded in nitrogen-doped carbon nanotubes as highly efficient 

catalyst for HER, and they can be used over wide pH ranges.35,36,37 Though there is 

still a lack of thorough understanding on the electrocatalytically active sites, it is 

proposed that the catalytic activity might come from the structural and electronic 

interaction between the metal cores and the carbon shells.33,39 This interaction can 

be adjusted by changing the metal core composition, the carbon layer thickness, or 

by doping carbon with heteroatoms. Hence, various degrees of freedom are 

rendered for tuning the catalytic properties in metal particles with carbon 

shells.39,40 

    Here we report the synthesis of nitrogen-enriched carbon-encapsulated cobalt 

NPs dispersed on graphene sheets (N-Co@C-G). The Co NPs are small in size (< 10 

nm) and are in intimate contact with the nitrogen-enriched carbon, which can 

provide numerous catalytically active sites. In addition, these NPs are further 

interconnected by graphene sheets with macroporous structure formed during a 
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hydrothermal synthesis process, which can facilitate electron and mass transport 

during catalytic tests. As a result, this N-Co@C-G nanocomposite can serve as a 

highly efficient and durable HER electrocatalyst under both acidic and basic 

conditions, which is valued properties for HER catalysts.19 The onset overpotentials 

are as low as ~ 70 mV in both acid and alkaline solutions, and the overpotentials 

needed to deliver 10 mA cm-2 are 265 mV in acid and 337 mV in base, respectively. 

2.3.2. Experiments 

2.3.2.1. Materials Synthesis 

    All chemicals were purchased from Sigma-Aldrich unless other specified. 

Graphene oxide (GO) was synthesized from graphite flakes (~150 μm flakes) using 

the improved Hummers method.47 

    To synthesize CoO-G, 15 mg CoCl2•6H2O was added into 10 mL GO aqueous 

suspension (3 mg mL-1) and bath-sonicated (Cole Parmer, model 08849–00) for 30 

min. Then, 30 μL NH3•H2O (28 wt%) was added to the mixture and sonicated for 

another 30 min. The suspension was sealed in a 25 mL Teflon-lined autoclave and 

hydrothermally treated at 180 ºC for 12 h. The CoO-G nanocomposite was obtained 

by freeze-drying of the product after hydrothermal reaction.  

    To synthesis N-Co@C-G, CoO-G was placed in a standard 1 inch diameter quartz 

tube furnace for 30 min at 550 ºC with the feeding of H2 (100 sccm) and Ar (100 

sccm) at ambient pressure. The H2 gas was then turned off, while CH4 (50 sccm) and 

NH3 (50 sccm) were introduced. The furnace temperature was raised to 750 ºC and 

the reaction was allowed to proceed for 30 min. The samples were fast-cooled to 
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room temperature by quickly removing the sample from the hot zone of furnace 

under the protection of flowing Ar, using a magnetic rod. The sample was then 

leached in 0.5 M H2SO4 at 80 ºC for 5 h, washed with distilled water 5 times, 

collected by magnetic separation using magnet cube and dried at 60 ºC under 

vacuum (140 Torr) for 12 h. To prepare the control sample of Co@C-G, it was 

subjected to the same synthetic procedures but without the flow of NH3 in the 

second step of the CVD process. To prepare NG, all the treatments were the same as 

those for N-Co@C-G but with no addition of Co salt in the hydrothermal reaction. To 

prepare N-Fe@C-G, CoCl2 was replaced by the same molar amount of FeCl2 during 

the hydrothermal reaction with all the other treatments kept the same. 

2.3.2.2. Materials Characterization 

    A JEOL 6500F Scanning Electron Microscope (SEM) was used to examine the 

morphology with porous features of the samples. A JEOL 2010 high resolution 

transmission electron microscope (HRTEM) was used to study the morphologic and 

structural characteristics of the samples. Chemical compositions and elemental 

oxidation states of the samples were investigated by XPS, which were taken on a PHI 

Quantera SXM scanning X-ray microprobe. An Al anode at 25 W was used as an X-

ray source with a pass energy of 26.00 eV, 45° take off angle, and a 100 μm beam 

size. A pass energy of 140 eV was used for the survey and 26 eV for atomic 

concentration. XRD was carried out on a Rigaku D/Max Ultima II using Cu Kα 

radiation. 
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2.3.2.3. Electrochemical Measurements 

    The electrochemical measurements were performed on a potentiostat (CHI 608D, 

CH Instruments, USA) using a three-electrode cell system. To prepare the working 

electrode, 4 mg catalyst and 80 μL of 5 wt% Nafion solution were dispersed in 1 mL 

of 4:1 v/v water/ethanol by bath-sonication until a homogeneous suspension was 

formed. Then 5 μL of the above catalyst suspension was drop-cast onto a glassy 

carbon electrode (3 mm in diameter) to give a mass loading of 285 μg cm-2. For a 

counter electrode, a Pt wire was used. For a reference electrode in acidic electrolyte 

(0.5 M H2SO4), K2SO4 saturated Hg/HgSO4 electrode (CH Instruments) was used and 

all potentials were referenced to a reversible hydrogen electrode (RHE) by adding a 

value of (0.67 + 0.059× pH). For testing in alkaline electrolyte (0.1 M NaOH), 

Hg/HgO (0.1 M NaOH) (CH Instruments) electrode was used and all potentials were 

referenced to RHE by adding a value of (0.165 + 0.059× pH). A flow of H2 was 

maintained for 20 min before testing was started. Linear sweep voltammetry (LSV) 

polarization curves were performed at scan rate of 5 mV s-1 and all the polarization 

curves were iR-corrected. EIS were carried out at both open circuit potential and 

200 mV overpotential within the frequency range of 0.1 to 100 kHz with an a.c. 

voltage of 10 mV. 

2.3.3. Results and Discussion 

    The preparation route of N-Co@C-G is shown in Figure 2.3-1. Firstly, a suspension 

mixture of graphene oxide (GO), CoCl2 and NH4OH was hydrothermally treated at 

180 ºC for 12 h. This method is a well-known, simple and versatile approach to 
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fabricate three dimensional (3D) graphene/metal oxide hybrids.41 After freeze-

drying, the morphology of this product was characterized by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) and it can be seen 

that the graphene sheets are interconnected to form macroporous frameworks and 

the surfaces of the graphene sheets are decorated with small crystalline CoO 

nanocrystals (<10 nm) (denoted as CoO-G). The CoO-G was then subjected to a two-

step chemical vapor deposition (CVD) process. In the first step, the CoO nanocrystals 

were reduced in a H2 atmosphere at 550 ºC for 30 min to form metallic Co, which is 

then used as a catalyst to grow carbon shells in the following step. CH4 was used at 

750 ºC as a carbon source and NH3 was introduced during the growth to dope N into 

the grown carbon shells as well as into the graphene sheets. Finally, the product 

after CVD growth was leached in 0.5 M H2SO4 at 90 ºC for 5 h to remove the exposed 

Co NPs to obtain the final product of N-Co@C-G.  

 

Figure 2.3-1 Illustration of the preparation procedure for the N-Co@C-G 

nanocomposites.  
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SEM images (Figure 2.3-2a-b) show that the N-Co@C-G has a 3D macroporous 

structure and the graphene sheet surfaces are rough because of the decorated NPs. 

This was further confirmed by TEM observation at low magnification (Figure 2.3-

2c), which shows that many small NPs (< 10 nm) are uniformly dispersed on the 

graphene sheets. It worth noting here that after the CVD high temperature growth 

process, the NPs remain in their original size range with negligible aggregation. This 

is because the graphene sheets with their high thermal stability and large aspect 

ratio can act as excellent space restrictors that localize the Co nanoparticles to 

prevent their sintering at elevated temperatures.42 The high magnification TEM 

image (Figure 2.3-2d) shows that each individual NP is coated by thin carbon shells 

(2 to 5 layers) and this becomes more clear by high resolution TEM (HRTEM) 

(Figure 2.3-3a). Also, some hollow carbon spheres can be observed that were 

formed during the leaching process on the residual poorly coated core-shell NPs. 

Further, Figure 2.3-3a shows that the NPs exhibit a d spacing of 2.04 Å, 

corresponding to the (111) plane of metallic Co. 
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Figure 2.3-2 SEM images of N-Co@C-G at (a) low and (b) high magnifications. 

TEM images of N-Co@C-G at (c) low and (d) high magnifications.   

  The presence of metallic Co and crystalline carbon was further confirmed by 

X-ray diffraction (XRD) (Figure 2.3-3b), which shows the characteristic (002) plane 

peak for graphite and the (111) plane peak for metallic Co. The survey scan of X-ray 

photoelectron spectroscopy (XPS) analysis (Figure 2.3-3c) shows the characteristic 

peaks of C (91.6 at%), oxygen (5.6 at%) and N (2.8 at%). The peak for Co is 
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negligible as they are encapsulated in carbon shells and can only be observed by 

high resolution Co 2p spectra (Figure 2.3-3c, inset). The peak position of Co 2p3/2 is 

at ~778.5 eV, further corroborating the metallic form of Co. The high resolution N1s 

peak reveals that there are three different types of N species, with pyridinic (398.5 

eV) and pyrrolic (400.8 eV) as a dominant, and quaternary (402.8 eV) as the minor 

component.43 
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Figure 2.3-3 (a) HRTEM image of N-Co@C-G with d spacing of (111) plane 

indicated. (b) XRD pattern of N-Co@C-G, showing the characteristic peaks for 

graphite and metallic Co. (c) XPS survey spectra of N-Co@C-G with the insets 

showing the high resolution Co2p and N1s spectra. 

The electrocatalytic activity of N-Co@C-G toward HER was first evaluated in 0.5 M 

H2SO4 electrolyte using a typical three-electrode system. The working electrode 

used was glassy carbon with an active material mass loading of 285 μg cm-2. For 

comparison, commercially available 20 wt% Pt on Vulcan carbon black (Pt/C from 

Alfa Aesar) with the same mass loading was also examined. Figure 2.3-4a shows 

polarization curves at 5 mV s-1 after iR compensation and Figure 2.3-4b shows the 

enlarged view near the onset potential region. As would be expected, the Pt/C 

electrode shows extraordinary HER activity with a near-zero onset overpotential. 

For the N-Co@C-G electrode, it exhibits a small onset overpotential of ~ 70 mV, 

upon which the cathodic current density increases rapidly at more negative 

potentials, and it takes 265 mV overpotential to deliver a current density of 10 mA 

cm-2. These results demonstrate that the N-Co@C-G is a highly active HER 

electrocatalyst and its activity compares favorably with the most active noble-metal-

free HER catalysts in acidic solution (see Table 2.3-1). To estimate the 

electrochemically active surface area, we measured the double layer capacitance 

from the scan-rate dependence of cyclic voltammograms (CVs). The results indicate 

that the N-Co@C-G electrode has a capacitance of 10 mF cm-2 which corresponds to 

a surface roughness of ~ 285, assuming the capacitance for a flat electrode is 35 μF 
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cm-2.44 The high surface area of N-Co@C-G also contributes to its high catalytic 

activity.  

Table 2.3-1 Comparisons of the HER electrocatalytic activities of N-Co@C-G 

under acidic conditions with some representative HER catalysts recently 

reported.   

 

 

 

 

 

 

Catalyst

Loading
Electrolyte Scan rate

Onset 

overpotential

Overpotential to 

deliver 10 mA cm-2 Reference

Co@C-NG

285  μg cm-2 0.5M H2SO4 5 mV s-1 70 mV 265 mV This work

Co-NRCNTs

280 μg cm-2 0.5M H2SO4 50 mV s-1 50 mV 260 mV
Angew. Chem. Int. Ed.

2014, 53, 4372

FeCo@NCNTs-NH

320 μg cm-2 0.1M H2SO4 2 mV s-1 70 mV 290 mV
Energy Environ. Sci. 2014, 

7, 1919

MoP nanoparticles

360 μg cm-2 0.5M H2SO4 2 mV s-1 40 mV 125 mV
Adv. Mater. 2014, 

10.1002/adma.201401692

WS2 nanoflakes

350 μg cm-2 0.5M H2SO4 10 mV s-1 100 mV 170 mV
Angew. Chem. Int. Ed.

2014, 53, 7860

MoS2/RGO

285 μg cm-2 0.5M H2SO4 2 mV s-1 100 mV 150 mV
J. Am. Chem. Soc. 2011, 

133, 7296

Defect-rich MoS2

285 μg cm-2 0.5M H2SO4 5 mV s-1 120 mV 190 mV
Adv. Mater. 2013, 25, 

5807

MoB

2500 μg cm-2 1M H2SO4 1 mV s-1 100 mV 215 mV
Angew. Chem. Int. Ed.

2012, 51, 12703

Mo2C

1400 μg cm-2 1M H2SO4 1 mV s-1 100 mV 215 mV
Angew. Chem. Int. Ed.

2012, 51, 12703

C3N4@NG

100 μg cm-2 0.5M H2SO4 5 mV s-1 NA 240 mV Nat. Comm. 2014, 5, 3783
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Table 2.3-2 Comparisons of the HER electrocatalytic activities of N-Co@C-G 

under alkaline conditions with some representative HER catalysts recently 

reported.   

 

 

Catalyst Loading Electrolyte Scan rate
Onset 

overpotential

Overpotential to 

deliver 10 mA cm-2 Reference

Co@C-NG 285  μg cm-2
0.1M NaOH 5 mV s-1 70 mV 337 mV This work

Co-NRCNTs 280 μg cm-2 1M KOH 50 mV s-1 50-100 mV 370 mV
Angew. Chem. Int. 

Ed. 2014, 53, 4372

MoB 2500 μg cm-2 1M KOH 1 mV s-1 100 mV 225 mV
Angew. Chem. Int. 

Ed. 2012, 51, 12703

MoC 800 μg cm-2 1M KOH 1 mV s-1 100 mV 190 mV
Angew. Chem. Int. 

Ed. 2012, 51, 12703

Co0.6Mo1.4N2 240 μg cm-2 0.1M KOH 5 mV s-1 NA 300 mV
J. Am. Chem. Soc. 

2013, 135, 19186

C3N4 on FTO NA 0.1M KOH 25 mV s-1 100 mV NA
Angew. Chem. 2014, 

126, 3728
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Figure 2.3-4 Electrochemical characterizations for HER activity. (a) 

Polarization curves obtained in 0.5 M H2SO4 at 5 mV s-1 for N-Co@C-G, NG, 

Co@C-G, N-Fe@C-G along with commercial Pt/C for comparison. (b) Enlarged 

view of the polarization curves near the onset potential region for N-Co@C-G 

and Pt/C. (c) Tafel plots of the corresponding samples. (d) Polarization curves 

obtained in 0.1 M NaOH at 5 mV s-1. 

To study the effect of Co and N on the HER activity, control samples of N-doped 

graphene without any Co (NG) and N dopant-free sample (Co@C-G) were prepared 

(see experimental section for details). These control samples were then tested 

under the same conditions as N-Co@C-G. As can be seen in Figure 2.3-4a, NG has 

very low activity with an onset overpotential as large as ~240 mV, consistent with 

other reports,25,26 while the Co@C-G exhibits even poorer activity with ~350 mV 

onset overpotential. These results suggest that the HER activity of N-Co@C-G comes 

from the synergistic effects between the Co and N dopants. To further illustrate the 

point that the Co nanoparticles have contributed to the observed HER activity of N-

Co@C-G, the Co core was replaced with Fe by exchanging the CoCl2 with FeCl2 

during the hydrothermal synthesis and then treating under the same synthetic 

conditions as those used for N-Co@C-G. The resultant product was denoted as N-

Fe@C-G. The HER test results (Figure 2.3-4a) show that it has very poor activity, 

similar to NG, indicating that the Fe core contributes little to the HER activity.  

To understand the HER reaction mechanism that occurred in these catalysts, Tafel 

slopes were determined by fitting the linear portions of the Tafel plots. The results 

are summarized in Figure 2.3-4c. The HER on Pt surfaces is known to proceed 

through the Volmer –Tafel mechanism and the second step is the rating-limiting 
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reaction at low overpotentials.45 This results in a Tafel slope of 32 mV decade-1 

measured in this study. The Tafel slope for N-Co@C-G is 98 mV decade-1, which 

indicates that HER on this catalyst may occur via the Volmer-Heyrovsky 

mechanism.36 The Tafel slope values for the other control samples are much larger, 

at 120 to 152 mV decade-1.      

The high HER activity of N-Co@C-G is not only limited to acidic media. The 

electrochemical measurements performed in 0.1 M NaOH (Figure 2.3-4d) show that 

the N-Co@C-G exhibits excellent catalytic activity as well. In this alkaline electrolyte, 

its onset overpotential is ~70 mV, which is similar in acidic electrolyte and only 

marginally larger than the near-zero value of the Pt/C electrode tested under the 

same conditions. The overpotential needed for the N-Co@C-G to deliver 10 mA cm-2 

is determined to be 337 mV. These results indicate that N-Co@C-G is a highly active 

electrocatalyst toward HER in alkaline media and its activity is comparable to some 

of the best non-noble-metal catalysts for HER under basic solutions (Table 2.3-2). 

The high HER activity of the Co@C-G in alkaline electrolyte makes it advantageous 

to the well-known MoS2 catalyst, which is stable only in acidic electrolyte and its 

application in alkaline electrolysis is limited.46 The other control samples were also 

tested under the same alkaline conditions. The results show similar activity trends 

as in acid, with the N-G and N-Fe@C-G having similar polarization curves, and the 

Co@C-G having the poorest activity.   
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Figure 2.3-5 Polarization curves recorded at 5 mV s-1 for N-Co@C-G before and 

after 1000 cycles from 0.3 to −0.5 V vs RHE at 50 mV s-1 under acidic and basic 

conditions.   

Besides activity, durability is another important requirement for good HER 

electrocatalysts to guarantee sustainable H2 generation. Especially for the N-Co@C-

G, its HER stability in acid might be a concern considering the fact that the Co metal, 

if not well-protected by the carbon shells, would gradually dissolve by the acidic 

electrolyte and thus the activity might degrade with cycling. To evaluate the long-

term stability of the N-Co@C-G, continuous cyclic voltammetry was performed from 

0.3 to −0.5 V vs RHE at 50 mV s-1 under both basic and acidic conditions for 1000 

cycles. The results (Figure 2.3-5) show that the polarization curves recorded before 

and after cycling (in both acid and base) nearly overlap with only a small 

overpotential increase (<10 mV), suggesting its superior stability.   
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2.3.4. Conclusions 

    In summary, we have reported the synthesis of nitrogen-enriched Co@C 

nanoparticles on graphene sheets (N-Co@C-G) by hydrothermal treatment, followed 

by a CVD process. The nitrogen can be easily incorporated into the carbon matrix by 

introducing a nitrogen precursor (NH3) during the growth of carbon shells. The 

Co@C nanoparticles are small in size (<10 nm) and evenly distributed on the 

graphene sheets. When tested as a HER electrocatalyst, the N-Co@C-G exhibits 

superior stability and HER activity with onset overpotentials of only ~ 70 mV in 

both acid and base electrolytes, making it among the most active HER catalyst 

reported. The HER active sites originate from the synergistic effects between the Co 

nanoparticles and N-doped carbon. This work shows the efficacy of precious-metal-

free electrocatalysts for hydrogen evolution based on the interface between 

transition metal and heteroatom-doped carbon.  
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Chapter 3 

Heteroatom Doped Nanocarbons as 

Electrocatalysts for  

Oxygen Reduction 

3.1. B- and N-Substituted Graphene Nanoribbons for Oxygen 

Reduction 

This sub-chapter was mostly copied from reference 31.  

3.1.1. Introduction 

Due to the kinetic sluggishness of oxygen reduction reaction (ORR) with the four-

electron transfer pathway in the electrodes, developing new active electrocatalysts 

for oxygen reduction reactions (ORR) has recently become a key to boost the 

practical applications of fuel cells and metal-air batteries.1-3 Although platinum (Pt) 

and its alloys exhibit high activity for ORR, their performance has been 



 

72 
 

overshadowed by the high-cost and scarcity of Pt, and by the reduced thermal 

efficiency caused by substantial overpotential for the ORR.4-6 Hence, intensive efforts 

have been devoted to substitute Pt-based catalysts by employing non-precious metal 

catalysts and preferably metal-free catalysts. For instance, various heteroatom 

(nitrogen, sulphur or phosphorus)-doped carbon nanotubes, mesoporous carbons 

and graphene sheets have been widely explored for ORR catalysts via various 

synthesis approaches.1, 2, 7-12 The research of designing new catalysts to reduce the 

overpotential and understanding the nature of ORR catalytic sites and mechanisms 

in metal-free catalysts is still in its infancy.13-16 

In general, the adsorption of oxygen and formation of superoxide through a one-

electron reduction on metal-free catalysts such as N-doped graphene sheets have 

been suggested as the initial ORR steps, and O2 adsorption is proposed to be the 

rate-determining step.17-19 Since oxygen is preferred to be adsorbed onto the 

exposed edges of N-doped graphene rather than the basal planes, it is clear that the 

edges of N-doped graphene-based catalysts possess high ORR activity while the 

basal planes remain virtually ORR inactive.19 Thus, edge-abundant, nitrogen-doped 

graphene would facilitate the formation of catalytic sites for ORR. In this regard, 

unique carbon nanotube-nanoribbon complexes with controllable nitrogen doping 

have been recently explored via partially unzipping carbon nanotubes and 

subsequent annealing under NH3 atmosphere, showing enhanced catalytic activity 

for ORR. However, in rotating-disk electrode (RDE) polarization studies, their ORR 

onset potentials and half-wave potentials (E1/2) are still lower than those of 

commercially available Pt catalysts.2 This would result in high overpotentials of fuel 
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cells at practical operating current densities, and cause low thermal efficiency.6 

Thus, developing new strategies to engineer efficient metal-free ORR catalysts still 

remains challenging. 

Here, we develop an efficient approach to construct three-dimensional (3D) 

architectures from numerous edge-abundant boron- and nitrogen-substituted 

carbon nanoribbons (hitherto termed BNC NR) for ORR electrocatalysts. The typical 

synthesis approach involves the use of oxidized graphene oxide nanoribbons 

(GONR) as building blocks to construct 3D architectures and subsequent 

employment of boric acid and ammonia as boron and nitrogen doping sources. The 

resulting 3D BNC NR possess abundant edges, thin walls, tunable BN content and 

multilevel porous structures. Such unique features not only provide a large amount 

of active sites for ORR, but are also favorable for the fast transport of oxygen and 

reduction products. As a consequence, BNC architectures with BN content of ~ 10 

at% exhibit excellent ORR electrocatalytic properties, including high electrocatalytic 

activity, long-term durability and high selectivity. Remarkably, this catalyst possesses 

the highest onset and half-wave potentials for ORR in alkaline media of any reported 

metal-free catalyst, and even outperforms the most active Pt-C catalyst. 

3.1.2. Experiments 

3.1.2.1. Materials Synthesis 

    Synthesis of graphene oxide nanoribbons (GONR). The water-dispersible GONR 

used here were prepared by unzipping multiwalled carbon nanotubes with a 

solution-based oxidative process. The details can be found in literature.1  
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    Fabrication of GONR aerogels. GONR aerogels were synthesized by a 

hydrothermal self-assembly procedure. In a typical procedure, 10 mg GONR was 

dispersed in 5 mL H2O by bath sonication (Cole Parmer, model 08849–00) for 30 

min. The resulting mixture was sealed in a Telfon-lined autoclave and 

hydrothermally treated at 180 °C for 6 h. Finally, the as-prepared samples were 

freeze-dried to preserve the 3D architecture. 

    BNC NR aerogels from GONR aerogels. The conversion reaction was carried out in 

a standard 1 in. quartz tube under high temperature. GONR aerogels were loaded 

into a vacuum quartz tube. After the tube was evacuated to 100 mTorr, the tube was 

heated to 1000 °C in 40 min and then kept at 1000 °C during the reaction. Solid 

boric acid was put in a lower temperature zone as a boron source. 50 sccm ammonia 

gas was used as the source of nitrogen. The doping level of BN can be controlled by 

reaction times from 15 min to 1 h. The annealing reaction removes most of the 

oxygen from the GONR aerogels so that the product is more like GNRs. 

3.1.2.2. Materials Characterization 

    The morphology and microstructure of the samples were systematically 

investigated by FE-SEM (JEOL 6500), TEM (JEOL 2010), STEM (Nion UltraSTEM-

100), AFM (Digital Instrument Nanoscope IIIA), XPS (PHI Quantera x-ray 

photoelectron spectrometer) and XRD (Rigaku D/Max Ultima II Powder X-ray 

diffractometer) measurements. Raman spectroscopy (Renishaw inVia) was 

performed at 514.5 nm laser excitation at a power of 20 mW. Nitrogen adsorption 
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isotherms and BET surface areas were measured at 77 K with a Quantachrome 

Autosorb-3B analyzer (USA).  

3.1.2.3. Electrochemical Measurements  

    2 mg BNC aerogel catalyst and 2 mL 0.5 wt% Nafion aqueous solution were mixed 

and dispersed by bath sonication for 1 h to form a homogeneous suspension. CV and 

RRDE studies were conducted in an electrochemical cell (AUTO LAB PGSTAT 302) 

using an Ag/AgCl electrode as the reference electrode and a Pt wire as the counter 

electrode. For CV and RRDE tests, 8 μL of the catalyst suspension was loaded onto a 

glassy carbon electrode (5 mm in diameter). A flow of O2 was maintained over the 

electrolyte during the measurement to ensure continuous O2 saturation. For all 

RRDE measurements, the electrode rotation speed was 900 rpm (scan rate, 5 mV/s; 

platinum data collected from anodic sweeps). 

    Commercial 20 wt% platinum on Vulcan carbon black (Pt/C from Alfa Aesar) was 

measured for comparison. All the parameters for Pt/C measurements are the same 

as those for BNC NR aerogels. 

3.1.2.4. Density Functional Calculations 

    Our spin-polarized density functional theory (DFT) calculations are performed 

using the Vienna ab-initio Simulation Package (VASP)2, 3 with the Perdew–Burke–

Ernzerhof parametrization (PBE)4 of the generalized gradient approximation (GGA) 

and projector-augmented wave (PAW)5, 6 potentials. Adopting the supercell 

approach, we choose a vacuum layer thickness larger than 10 Å to keep the spurious 
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interactions negligible. GNRs with width of eight zigzag chains and periodic length 

of six primitive units are chosen as our models. Using the plane-wave-based total 

energy minimization7, all structures are fully relaxed until the force on each atom is 

less than 0.01 eV/Å. The models shown in the main text have been determined to be 

the most stable structures by comparing energies of different configurations with 

the same doping concentrations.  Following the same scheme proposed before8, 9,  

the free energy of O2 is derived as G(O2) = 2G(H2O) - G(H2) - 4.92 eV, where 4.92 eV 

is taken from the free energy change of reaction O2 + 2H2 → 2H2O under the 

standard condition. The free energy of OH  ̄is determined as G(OH )̄ = G(H2O) - G(H+) 

assuming H+ + OH¯ → H2O is in equilibrium. By setting the reference potential to be 

that of the standard hydrogen electron (pH = 0 in the electrolyte, 1 bar of H2 in the 

gas phase at 298K), the free energy of H+, G(H+), is related to half of hydrogen 

molecule, G(H2)/2. At a pH different from 0, G(H+) is corrected by the concentration 

dependence of the entropy, G(pH) = kTLn[H+] = -kTLn10 × pH. The effect of the bias 

is included for all states involving electrons in the electrode, by shifting the energy 

of this state by -neU, where n and U are the number of electrons involved and the 

electrode potential, respectively. We determine free energies of intermediates at U = 

0 V as ∆G = ∆E + ∆ZPE - T∆S, where ∆E, ∆ZPE and ∆S are the difference in total DFT 

energies, zero point energies due to reactions, and the change of the entropy. Under 

these approximations, the maximum potential achieved by thermodynamics is ~ 0.4 

eV at pH = 14, which is consistent with the standard reduction potential of the ORR 

in alkaline solution. 
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3.1.3. Results and Discussion 

    As illustrated in Figure 3.1-1, the synthetic procedure to 3D BNC NR involves three 

steps. First, water-dispersible GONR was synthesized by unzipping multi-walled 

carbon nanotubes under oxidation conditions.20 The as-prepared GONR was then 

used as building block to construct 3D GONR architectures via a cross-linking 

reaction at 180 °C in an autoclave, similar to the formation of 3D graphene oxide 

hydrogels.21 After freeze-drying, the samples were annealed with boric acid and 

ammonia at 1000 °C, where GONR were thermally reduced to graphene nanoribbons 

(GNRs), and at the same time boron and nitrogen were co-doped into the GONRs, 

creating 3D BNC NRs (for the details, See Experimental Methods). Notably, the BN 

content in the resulting materials was controllably adjusted from 5.9 at% to 24.2 

at% (for detailed composition of each sample, see Table 3.1-1). BNC-1, BNC-2, BNC-3 

and BNC-4 are corresponding to annealing time of 15 min, 30 min, 45 min and 1 h, 

respectively. The oxygen percent is very low and ignored here. The BNC NR products 

can be produced in large volume with low volume densities of ~ 10 mg/cm3 (Figure 

3.1-2A), and Figure 3.1-2B is the typical schematic showing its porous structure. 
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Figure 3.1-1 Schematic diagram of electrocatalyst preparation. (1) GONR 

assemble into 3D aerogels in aqueous solution by hydrothermal treatment at 

180 °C; (2) doping GONR aerogels by boric acid and ammonia using the CVD 

method to generate 3D BNC NR aerogels. 

Table 3.1-1 The concentration of boron, nitrogen and carbon in different BNC 
NR samples. 
 

Material 
(at %) 

BNC-1 BNC-2 BNC-3 BNC-4 

Carbon 94.1 90.3 83.6 75.8 
Boron 2.8 4.7 8.1 11.9 

Nitrogen 3.1 5.0 8.3 12.3 
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    The structure and morphology of as-prepared BNC NR were investigated by 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

As shown in Figs. 1C and S2, the 3D interpenetrating networks built from numerous 

flexible ribbons are clearly visible. The lateral sizes of the building block ribbons are 

typically in the range of tens of nanometers in width and several tens of 

micrometers in length (Figure 3.1-2C). In a typical case of BNC NR with ~ 10 at% BN 

doping content, a high specific surface area of 875 m2/g. This value is much higher 

than that of the directly dried GONR powder (201 m2/g), further demonstrating that 

our controllable assembly strategy is an efficient protocol to prevent the re-stacking 

of GNRs. Figs. 1D-1G show a typical scanning transmission electron microscopy 

(STEM) annular dark field (ADF) image and elemental mapping of BNC NR with ~10 

at% BN, where all the elements (B, C, and N) are homogenously distributed 

throughout the whole NR. X-ray photoelectron spectroscopy (XPS) (Figure 3.1-2H-

2J) analysis further shows that only carbon, boron, nitrogen and oxygen are present 

in the BNC NR, and the BN content can be tailored by controlling the duration of the 

annealing process under boron and nitrogen environment (Table 3.1-1). The 

complex B1s spectra can be further deconvoluted into three different components 

with binding energies of 190.3, 191.1, and 191.9 eV, attributed to BNC2, BN2C and 

BN3, respectively.22 Correspondingly, the N1s spectra can be fitted with three peaks 

at 398.3, 399.1 and 400.0 eV, ascribed to NB3, NB2C and NBC2, respectively.22 Upon 

increasing the annealing time from 15 min to 1 h, the signals for BN3 and NB3 

significantly increase, suggesting the aggregation of BN pairs into BN domains at 

high BN concentration.23, 24 
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Figure 3.1-2. Structure characterization of the BNC nanoribbon 

electrocatalysts. (A) Photograph showing the morphology of BNC NR aerogels. 

(B) Schematic diagram of 3D BNC NR aerogels. (C) TEM image of the BNC NR 

aerogels shows its 3D porous structure. (D) STEM ADF image of BNC NR with 

~10 at% BN and the corresponding elemental mapping of (E) carbon, (F) 

boron and (G) nitrogen. High-resolution XPS spectra of (H) C 1s, (I) B 1s  and 

(J) N 1s  from BNC NR aerogels with different B/N substitution levels from 5.9 

at% to 24.2 at%. 
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Figure 3.1-3 Electrocatalytic characterization of BNC NR aerogels with 

different doping concentrations of BN. (A) CVs of BNC-2 NR catalyst in O2- or 

Ar-saturated  0.1 M KOH electrolyte. (B) Disk current densities of the RRDE 

versus potential derived from BNC-2, N-doped GNR aerogels and commercial 

Pt/C catalyst. (C) Disk current densities of the RRDE versus potential derived 

from BNC NR aerogels with different compositions in oxygen-saturated 0.1 M 

KOH, also with the corresponding H2O2 percentage of each sample calculated 

from the RRDE disk and ring current. (D) Comparison of the ORR 

performances of different BNC NR aerogels and commercial Pt/C catalyst in 

kinetic current densities (JK) and electron transfer number (n). 

The electrocatalytic activity of BNC NR for ORR was initially examined by cyclic 

voltammetry (CV) in the potential range from 0.2 to -1.0 V vs. Ag/AgCl at a scan rate 
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of 100 mV/s. As shown in Figure 3.1-3A, in the Ar-saturated 0.1 M KOH solution, a 

featureless voltammogram without any evident peak is observed. In contrast, as the 

KOH solution is saturated with O2, a well-defined and strong cathodic peak occurs at 

about 0 V, indicating the high catalytic activities of BNC NR for ORR. More 

importantly, this cathodic peak is even more positive than that of commercially 

available Pt/C catalyst (-0.2 V). To gain further insights into the ORR activity of BNC 

NR, rotating ring disk electrode (RRDE) voltammetry was performed in O2-saturated 

0.1 M KOH solution at a scanning rate of 10 mV/s (Figure 3.1-3B and Figure 3.1-3C). 

The electrocatalytic properties including the onset potential, half-wave potential, 

saturated current density and electron transfer number are strongly dependent on B 

and N doping concentrations in BNC NR. As shown in Figure 3.1-3C, with an increase 

of the doping level from 5.9 at% to 24.2 at%, the onset potential first increases and 

then decreases with the highest value of 0.1 V vs. Ag/AgCl (1.09 V vs. RHE) for BNC-

2 with ~ 10 at% BN content. More remarkably, the half-wave potential of BNC-2 is 

only -0.03 V vs. Ag/AgCl (0.96 V vs. RHE) (Figure 3.1-3B), which is higher than any 

reported metal-free catalyst in alkaline media (0.4 to 0.8 V vs. RHE)2, 8, 25-27 and even 

higher than commercial Pt-C catalysts (0.87 V vs. RHE in this study). To avoid any 

problem caused by using Ag/AgCl reference in alkaline solution (chloride 

contamination), Hg/HgO reference was also used to test the RRDE voltammetry 

curves of BNC-2 and commercial Pt-C catalysts, and the same conclusions can be 

made. Based on above data, BNC-2 has much better electrocatalytic performance 

than N-doped GNRs. Such high onset potential and half-wave potential could give 

rise to a very low overpotential. From the RRDE voltammograms, the production of 
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peroxide species (HO2−) during the ORR process can also be identified. It is striking 

that the HO2− yields are less than 5% for the BNC NR with BN content ranging from 6 

at% to 10 at% (Figure 3.1-3C). This value is close to that of commercial Pt-C 

catalysts (4 to 5%), suggesting that these BNC NR exhibit mainly one-step, four-

electron transfer pathway for ORR. The kinetic parameters, including electron 

transfer number (n) and kinetic current density (JK) of the resulting BNC NR (Figure 

3.1-3D) were further analyzed on the basis of the Koutecky–Levich equations and 

eq. 1. 

 

n = 4ID/(ID+IR/N)         (1) 

 

where N = 0.36 is the current collection efficiency, ID is the disk current, and IR is the 

ring current. An electron transfer number of ~3.9 is achieved for the BNC NR with 

the BN content ranging from 5.9 at% to 9.7 at%, in good agreement with the above 

analysis. However, with the increase of BN content from 16.4 at% to 24.2 at%, the 

electron transfer number of the BNC NR is reduced from 3.6 to 3.2, involving mixed 

two-electron and four-electron transfer pathways during the ORR process. The 

decrease of the electron transfer number should attribute to the reduction of the 

electrical conductivity with increasing the BN content24, obstructing electrons 

transfer from electrode to the oxygen atoms or molecular. The kinetic current 

density of BNC NR is also strongly governed by the BN content. Typically, the highest 

kinetic current density of 7.2 mA/cm2 is observed for BNC-1. This value is much 

higher than that of commercial Pt/C (JK = 4.3 mA/cm2) under the same testing 
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conditions. Overall, the catalytic activity increases at the beginning and then 

decreases with the increase of BN content, which can be explained by the change of 

active catalytic sites and electrical conductivity of the BNC NR. At the beginning, 

increasing the BN concentration (< 10%) results in more active catalytic sites, 

leading to the improvement of their catalytic activity, which is consistent with the 

nitrogen doped GNR28. However, further increasing the doping concentration (> 

10%) would undermine the conductivity of BNC, which would weaken the charge 

transport from electrode to oxygen. 

    To shed light on the ORR catalytic behaviors of BNC NR with various BN contents, 

spin-polarized density functional theory (DFT) calculations were performed using 

the Vienna ab-initio Simulation Package (VASP).29 Five configurations, (i) one BN 

pair in the middle of a graphene sheet (Bulk), (ii) one BN pair at the edge (Edge), (iii) 

three BN pairs at the edge (Edge cluster), (iv) a line of BN pairs at the nanoribbon 

edges (Edge interface), and (v) interface between BN and graphene domains (Bulk 

interface), representing different doping concentrations, are shown in Figure 3.1-4A. 

As proposed by Bao et al., O2 reduction in alkaline solution follows the associative 

rather than the dissociative mechanism.30 The free energy diagrams (Figure 3.1-4B) 

clearly show that, in the case of Bulk doping, the highest energy barrier is 1.18 eV for 

O2 adsorption, which is identified as the rate-determining step. In sharp contrast, 

with the introduction of one BN pair at the GNR edges (Edge), the O2 adsorption 

becomes energetically favorable. With further increasing  the BN doping level, h-BN 

domains tend to nucleate and grow in the GNRs,22 forming finite Edge cluster, Edge 

interface, or Bulk interface (Note that for Edge cluster case we consider the active C 
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site bonding to the middle B site to make a difference from the Edge case.). Our 

simulations demonstrate that not only the binding of O2 for all these three cases 

remains a steep uphill process, but also the barriers for proton transfer to adsorbed 

O are larger than 1 eV, indicating weak OH binding relative to the strong O binding. 

For the Edge case, the binding between the OH and edge C next to B atom, where the 

π bonding in graphene is partially broken, renders the bond hybridization of the C 

atom changing from sp2 to sp3 (bottom right in Figure 3.1-4A). This makes the 

energy for OH adsorption and the barrier for the O protonation decrease 

significantly. Thus, the decreased number of such edge C sites, the increased barriers 

for the two rate-determining steps at the interfaces, and the reduced electrical 

conductivity clearly explain the above electrocatalytic activity change as doping 

concentration varies from 5.9 at% to 24.2 at%. Further analyses show that the spin 

polarization of the edge C atoms near active B sites plays a key role in the 

enhancement of the binding of O2. 
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Figure 3.1-4 Theoretical simulations. (A) Schematic representations of 

structural models along with some selected intermediate states. The interface 

(a line of zigzag BN chain) could either simply represent the bulk interface 

where the BN and graphene domains meet, or be saturated by hydrogen atoms 

forming edge interface. (B) Free energy diagram for ORR on different models 

for comparison under the conditions of pH = 13 and the maximum potential 

allowed by thermodynamics. The proposed associative mechanism involves 

the following steps: (1) O2 + 2H2O + * + 4e¯ → O2* + 2H2O + 4e ;̄(2) O2* + 2H2O + 

4e¯ → OOH* + H2O + OH  ̄+ 3e ;̄ (3) OOH* + H2O + OH¯ + 3e¯ → O* + H2O + 2OH  ̄+ 

2e ;̄ (4) O*+ H2O + 2OH¯ + 2e¯ → OH* + 3OH¯ + e¯; (5) OH* + 3OH¯ + e¯ → 4OH¯ + *, 

where * denotes an active site on the catalyst surface. 
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    To evaluate the properties of a new electrocatalyst for ORR, the crossover effect 

should also be considered, since the fuel in the anode, such as methanol or glucose, 

might permeate through the polymer membrane to the cathode and seriously affect 

the performance of the ORR catalysts. Thus, the electrocatalytic sensitivity of BNC-2 

NRs and commercial Pt/C catalysts were measured against the electro-oxidation of 

methanol in ORR. As shown in Figure 3.1-5A, current density-time responses were 

used to detect the effect of oxygen and methanol. Both of them have a strong 

response to O2; however, a significant decrease in current density is observed for the 

Pt/C catalyst in O2-saturated 0.1 M KOH solution when 3M methanol is added, 

whereas no noticeable response for BNC-2 NRs is detected. Apparently, BNC-2 NRs 

show a good selectivity for ORR and, thus, a remarkably better tolerance of 

crossover effect against methanol than commercial Pt/C catalysts. More importantly, 

the durability of the BNC architecture is much better than that of Pt-C. As shown in 

Figure 3.1-5B, after 5000 continuous cycles, both the onset potential and the half-

wave potential almost overlap with the first cycle, demonstrating the excellent 

durability of the BNC NR for ORR. 
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Figure 3.1-5 ORR performances of BNC-2 NR aerogel catalyst for assessment of 

methanol tolerance and durability. (A) Current density-time responses at -0.4 

V in 0.1 M KOH on BNC-2 and Pt-C electrode (900 rpm) followed by 

introduction of O2 and methanol (0.3 M). (B) Cycle performance of BNC-2 

before and after 5000 potential cycles in O2-saturated 0.1 M KOH. 

3.1.4. Conclusions 

    In summary, we have demonstrated that optimally doped boron and nitrogen in 

graphene nanoribbons show excellent ORR electrocatalytic activity, even better than 

the commercial Pt-C catalysts. The high activity, excellent tolerance to methanol, 

high durability and superior high half-wave potential are achieved for optimally 

doped (10 at% BN) BNC NR catalysts in comparison to other metal-free catalysts in 

alkaline solution. The new BNC catalysts could serve as efficient metal-free ORR 

electrocatalysts for fuel cells and other electrochemical and catalytic applications. 
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3.2. B- and N-Substituted Graphene Quantum Dots/Graphene 

Hybrid Nanoplatelets for Oxygen Reduction  

This sub-chapter was mostly copied from reference 31.  

3.2.1. Introduction 

    The electrochemical performance of fuel cells is greatly affected by the oxygen 

reduction reaction (ORR) at the cathode because of its sluggish reaction kinetics.1 To 

efficiently catalyze the ORR, platinum-loaded carbon is the most commonly used 

electrocatalyst. However, its large-scale production for commercial applications has 

been hindered by the high cost of Pt as well as by the time-dependent drift and CO 
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deactivation problems of Pt-based electrodes.2,3 Consequently, intensive research is 

underway to develop new ORR electrocatalyst alternatives to reduce or replace Pt; 

examples include Pt-based alloys,4,5 inorganic/nanocarbon hybrid materials,6 

heterocyclic polymers.7 In particular, heteroatom (N, B, S and P) doped nano-carbon 

materials (carbon nanotubes, graphene, ordered mesoporous graphitic arrays and 

carbon nanofibers) have attracted great interest due to their low-cost, high 

electrocatalytic activities, selectivity and stability.1,8-13 Further, it was found that 

codoping carbon with two heteroatoms (B and N) can effectively create more 

catalytically active sites than singularly doped counterparts, resulting from 

synergistic coupling effects between heteroatoms.14-16 

    Recently, significant developments have been made on zero-dimensional 

graphene quantum dots (GQD) associated with quantum-confinement and edge 

effects, leading to applications in photovoltaics, supercapacitors, bioimaging and 

sensors.17,18 The edge-abundant features of GQD are particularly advantageous for 

electrocatalysts as reactions are more readily electrochemically catalyzed at the 

edge planes than the basal plane.19,20 Though nitrogen-doped GQD have been 

demonstrated to be electrochemically active towards ORR,21,22 the enhanced 

electrocatalytic activity is limited; this may be due to the low electrical conductivity 

of GQD and doping contents, which are both important factors in determining the 

ORR electrocatalytic performance.  

    In spite of tremendous efforts in developing precious metal-free and metal-free 

ORR electrocatalysts, it still remains a challenge to develop efficient catalysts that 
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are comparable or even superior to commercial Pt/C. Here, we first synthesized 

graphene quantum dots/graphene (GQD/G) hybrid nanoplatelets by hydrothermal 

self-assembly and then co-doped the GQD/G with boron and nitrogen to obtain BN-

doped GQD/G(BN-GQD/G) hybrid nanoplatelets by annealing at high temperature 

for different time periods. The optimized sample shows excellent ORR 

electrocatalytic activity with more positive onset potential than commercial Pt/C 

and it also has large current densities.  

3.2.2. Experiments 

3.2.2.1. Materials Synthesis 

    Synthesis of GO and GQD. GO was synthesized from graphite flakes (~150 μm 

flakes) using the improved Hummers method.30 GQDs were synthesized using our 

published procedure.23 Briefly, 300 mg of anthracite coal (Fisher Scientific, 

catalogue number S98806) was suspended in concentrated H2SO4/HNO3 (60 mL: 20 

mL), and then bath sonicated (Cole Parmer, model 08849−00) for 2 h. The mixture 

was then stirred and heated at 100 °C for 24 h. The reaction was allowed to cool to 

room temperature and poured into a beaker containing 100 mL ice, followed by 

addition of NaOH (3 M) until the pH reached ~7. The as-obtained mixture was then 

filtered through a 0.45 µm polytetrafluoroethylene (PTFE) membrane and the 

filtrate was dialyzed in a 1000Da dialysis bag for 5 d.  

    Synthesis of GQD/GO hybrid nanoplatelets. GQD/GO hybrid nanoplatelets were 

prepared by a hydrothermal process. In a typical process, 20 mg GQD and 10 mg GO 
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were added to 5 mL DI water and bath-sonicated (Cole Parmer, model 08849-00) 

for 2 h to form a stable aqueous suspension. The resulting mixture was then sealed 

in a Telfon-lined autoclave and hydrothermally treated at 180 °C for 14 h. Finally, 

the as-obtained samples were freeze-dried to obtain the powder product.  

    Synthesis of BN-GQD/GO. The BN-doping process was performed usinga CVD 

oven. Typically, GQD/GO was placed on a quartz boat in a standard 1in quartz tube 

furnace and solid boric acid was placed in a lower temperature zone as a boron 

source. Then, the quartz tube was evacuated to ~100 mTorr and Ar/NH3 (300 

sccm:30 sccm) was turned on as a nitrogen source. After that, the temperature was 

increased to 1000 °C within 30 min and the reaction was allowed to proceed for 10 

min, 30 min, or 60 min to give BN-GQD/GO-10, BN-GQD/GO-30, BN-GQD/GO-60, 

respectively. For comparison, DF-GQD/GO and N-GQD/GO were prepared using the 

same procedure with 30 min doping except no BN or B sources were provided, 

respectively. BN-G was prepared using the same procedure except no GQDs were 

added during the hydrothermal reaction.     

3.2.2.2. Materials Characterization 

    SEM was performed using FEI Quanta 400 high-resolution field emission scanning 

electron microscope in high vacuum mode. TEM was performed using JEOL 2100 

field emission gun transmission electron microscope. XPS spectra were taken on a 

PHI Quantera SXM scanning X-ray microprobe with a monochromatic 1486.7 eV Al 

Kα X-ray line source, 45° take off angle, and a 200μm beam size. XPS spectra were 

taken on a PHI Quantera SXM scanning X-ray microprobe. Al anode at 25 W was 
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used as an X-ray source with a pass energy of 26.00 eV, 45° take off angle, and a 100 

μm beam size. A pass energy of 140 eV was used for survey and 26 eV for atomic 

concentration. Raman spectroscopy (Renishaw inVia) was performed at 514.5 nm 

laser excitation at a power of 20 mW. 

3.2.2.3. Electrochemical Measurements 

    CV and RDE studies were conducted in a home-built electrochemical cell using a 

Ag/AgCl electrode as the reference electrode and a Pt wire as the counter electrode. 

For preparation of the electrode, BN-GQD/GO catalyst (2 mg) and 2 mL of 0.5 wt% 

Nafion aqueous solution were mixed and dispersed by sonication until a 

homogeneous ink was formed. Then, 16 μL of the catalyst ink was loaded onto a 

glassy carbon electrode (5 mm in diameter). The catalyst ink was dried slowly in air. 

A flow of O2 was maintained in the electrolyte during the measurement to ensure 

continuous O2 saturation. Commercial 20 wt% platinum on Vulcan carbon black 

(Pt/C from Alfa Aesa) was used for comparison, with all the testing parameters kept 

the same as that used for the BN-GQD/GO electrode. 

3.2.3. Results and Discussion 

    The preparation of BN-GQD/G is illustrated in Figure 3.2-1. The GQD were 

synthesized through a facile and inexpensive method,23 recently developed in our 

group, by oxidizing anthracite coal in H2SO4/HNO3 acid (see Experimental Section 

for details).The GQD were readily dispersible in water. The GQD were mixed with an 

aqueous suspension of graphene oxide (GO) at a mass ratio of 2:1 and 



 

97 
 

hydrothermally treated for 14 h. During the hydrothermal self-assembly process, GO 

with high surface area acted as a two-dimensional template to direct the assembly 

of GQD; the strong interactions between the hydroxyl and carbonyl functional 

groups of GO and GQD ensured the compact packing between them, leading to the 

formation of GQD/G hybrid nanoplatelets. After this self-assembly process, the 

mixture precipitated, indicating that the hydrothermal process reduced GQD and 

GO, rendering them insoluble and allowing efficient assembly between GQD and GO. 

The morphology of the resulting GQD/G hybrid nanoplatelets was examined by 

scanning electron microscopy (SEM) and TEM. The mass ratio of GQD to GO was 

found to be critical in the formation of flake-like structures. For example, when the 

GQD: GO ratio was increased to 3:1, severe aggregation took place and no flake-like 

structures were observed. The GQD/G hybrid nanoplatelets were converted to BN-

GQD/G by annealing at 1000 °C for different time periods using ammonia and boric 

acid as nitrogen and boron sources. The sample annealed for 10 min, 30 min and 60 

min are denoted as BN-GQD/G-10, BN-GQD/G-30 and BN-GQD/G-60, respectively. 

Boron and nitrogen codoped graphene (BN-G), nitrogen doped GQD/G (N-GQD/G) 

and dopant-free (yet annealed) GQD/G (DF-GQD/G) were also prepared as control 

samples. 
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Figure 3.2-1 Illustration of the preparation procedure for BN-GQD/G 

nanocomposite. 

    Figure 3.2-2a and 3.2-2b show the SEM and low magnification TEM images of BN-

GQD/G-30; it can be seen that the flake-like structures were retained with no 

obvious aggregation after high temperature treatment at 1000 °C. From high 

magnification TEM (Figure 3.2-2c), small domains of defective graphitic structures 

were observed. The 2D features and thicknesses of the hybrid nanoplatelets were 

further characterized by AFM (Figure 3.2-2d), which revealed that the average 

thickness of the flake was ~7 nm.   
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Figure 3.2-2 a) SEM image of flake-like BN-GQD/G-30 nanoplatelets. b) TEM 

image of a typical individual BN-GQD/G-30 nanoplatelet. c) Higher 

magnification TEM image of BN-GQD/G-30. d) AFM image of partially stacked 

BN-GQD/G-30 nanoplatelet. 

    In the as-described architecture, graphene sheets not only behave as two 

dimensional platforms to allow the uniform distribution of GQDs, but also because 

of their high electrical conductivity, they act as conductive substrates for efficient 
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electron transfer to interconnect the GQD. The GQDs are too small to provide a 

sufficient percolative network for good conductivity. In addition, the porous scaffold 

formed by the flake-like BN-GQD/G hybrid nanoplatelets allows facile transport of 

electrolyte and electro-reactants/products. More importantly, GQDs with their 

abundant exposed edges and oxygen-containing functional groups allow the easy 

incorporation of dopants, which are potential active sites for electrocatalytic 

reactions. These factors together promise BN-GQD/G with good ORR performances 

as will be discussed later.    

XPS was used to determine the doping content and chemical state of nitrogen and 

boron in BN-GQD/G samples. Figure 3.2-3 shows the survey spectra of three BN-

GQD/G samples with different doping times, along with BN-G, N-GQD/G and dopant-

free DF-GQD/G. In all of the BN-GQD/G samples, peaks characteristic of carbon, 

oxygen, boron and nitrogen are present, and the peaks for boron and nitrogen 

become more pronounced as the doping time increased. This indicated that the BN 

doping process using boric acid and ammonia was effective and the doping contents 

can be tuned by varying the doping time. For example, 30 min doping gave ~18.3 

at% nitrogen and ~13.6 at% boron. In comparison, there was no boron in the N-

GQD/G sample, and both boron and nitrogen were absent in the DF-GQD/G. The 

chemical composition of these samples is summarized in Table 3.2-1.  
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Table 3.2-1 Atomic compositions of all studied samples determined by XPS 
analysis. 
 

Sample 
Atomic composition (at %) 

C  O  N  B 

BN-GQD/G-60 51.8 9.2 20.8 18.2 

BN-GQD/G-30 54.6 13.5 18.3 13.6 

BN-GQD/G-10 78.6 7.5 8.2 5.7 

N-GQD/G 85.7 9.9 4.3  – 

DF-GQD/G 94.2 5.8  –  – 

BN-G 58.3 13.9 14.5 13.3 

 

 

Figure 3.2-3 XPS survey spectra for DF-GQD/G, N-GQD/G, BN-G, GQD/G-10, 

GQD/G-30 and GQD/G-60. 
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Figure 3.2-4 shows the high resolution spectra of N 1s and B 1s for the BN-GQD/G 

samples. The N 1s spectra was deconvoluted into three peaks assignable to N-B 

bonding (398.3 eV), pyrrolic nitrogen (399.8 eV), and quaternary nitrogen (401.1 

eV).16,24,25 The B 1s spectra was deconvoluted into two peaks with one peak at 191.0 

eV for N-B-C moieties and another at 192.3 eV for BCO2 species.16 Careful analysis of 

the XPS data revealed that the N 1s and B 1s peaks are both dominated by N-B 

bonding species at 398.3 eV and 191.0 eV, respectively, and this dominance became 

more significant with the increase in doping time. This indicated that N and B tend 

to exist as pairs when the doping content was increased. The co-doping of N and B 

and their concentration will be shown to have important roles in affecting the ORR 

electrocatalytic activities.    

 

Figure 3.2-4 High resolution a) XPS N 1s, b) XPS B 1s of BN-GQD/G-10, BN-

GQD/G-30 and BN-GQD/G-60. All the binding energies are referenced to C 1s 

at 284.5 eV. 



 

103 
 

    The ORR electrocatalytic properties were first examined by cyclic voltammetry 

(CV) in 0.1 M KOH solution saturated with Ar or O2 within the potential range from 

0.2 V to – 1 V vs Ag/AgCl at scan rate of 100 mV s-1. Figure 3.2-5a shows the cyclic 

voltammograms for BN-GQD/G-30 and it can be seen that a featureless current 

response was observed in Ar-saturated solution with large double-layer charge 

capacitance due to its high surface area. In strong contrast, a distinct cathodic peak 

appeared with substantial increase in current density when the solution was 

saturated with O2, indicating pronounced catalytic activity toward ORR. In addition, 

the onset potential of BN-GQD/G-30 determined from CV was comparable to Pt/C 

(both at ~0 V).  
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Figure 3.2-5 a) Cyclic voltammograms of ORR on BN-GQD/G-30 in Ar- and O2-

saturated 0.1 M KOH solution at a scan rate of 100 mV s-1. b) RDE linear sweep 

voltammograms of ORR on a BN-GQD/G-30 electrode at different rotating 

speeds in O2-saturated 0.1 M KOH solution with scan rate of 5 mV s-1. c) 

Koutecky-Levich plots of BN-GQD/G-30 derived from RDE voltammograms in 

(b) at different potentials. d) RRDE voltammograms of ORR on a BN-GQD/G-30 

electrode with a scan rate of 5 mV s-1.  

    To gain further insight into the ORR, rotating disk electrode (RDE) voltammetry 

was performed in O2-saturated 0.1 M KOH aqueous solution with a scan rate of 5 mV 

s-1. Figure 3.2-5b shows the RDE voltammograms for ORR of the BN-GQD/G-30 

electrode at different rotating speeds. This data show typical increasing current 

densities with larger rotating speeds due to the shortened diffusion length at higher 

speeds.26 The kinetic parameters, including electron transfer numbers (n) and 

kinetic current density, were analyzed using the Koutecky-Levich (K-L) equations.27 

The linearity of the K-L plots (j-1vs. ω-1/2, Figure 3.2-5c) and near parallelism of the 

fitting lines indicated first-order kinetics toward the concentration of dissolved O2 

and similar transfer values(n) at different potentials.28 Remarkably, the average n 

for BN-GQD/G-30 hybrid nanoplatelets calculated from the slope of the K-L plots 

equals 3.93 in a potential range of – 0.3 V to – 0.5 V (Figure 3.2-5c). This was further 

confirmed by a rotating ring disk electrode (RRDE) measurement that monitors the 

peroxide species (HO2-) produced during the ORR process.29 The result (Figure 3.2-

5d) shows that the ring current (Ir) was negligible compared to the disk current (Id); 

the HO2- yield was below ~ 4% over the potential range from – 0.2 V to – 0.12 V and 

gave an n of ~3.95, suggesting a one step, four-electron oxygen reduction pathway.  
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Figure 3.2-6 a) RDE linear sweep voltammograms of ORR on DF-GQD/G, N-

GQD/G, BN-GQD/G-10, BN-GQD/G-30, BN-GQD/G-60, BN-G and Pt/C at a 

rotating speed of 900 rpm and scan rate of 5 mV s-1. b) Electrocatalytic activity 

given as the kinetic current density at – 0.5 V for all samples in (a).  

    Figure 3.2-6a shows the RDE voltammograms at 900 rpm for all samples. Except 

for the DF-GQD/G, which had a two-stage characterized ORR process, all other 

samples showed the typical one-stage process, indicating the efficiency of 

incorporating dopants into the GQD/G hybrid nanoplatelets in enhancing ORR 

activity. Also, it was clear that the ORR activity was significantly influenced by 

doping time and the dopant concentration, with BN-GQD/G-30 having the most 

positive onset potential (0 V vs Ag/AgCl) and largest current density through the 

entire potential range. The relatively inferior ORR activity, less positive onset 

potential and smaller current density, of both BN-GQD/G-10 and BN-GQD/G-60 was 

supportive of the assertion that lower BN doping content results in a lower number 

of electrocatalytic sites, while higher BN doping content would produce pairs of B 

and N dopant (as illustrated by the XPS analysis).The lower number of 
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electrocatalytic sites would not enhance ORR activity.16 To show the synergistic 

effects of dual B and N doping, N-GQD/G was also included for comparison; it has a 

much more negative onset potential and smaller current density than BN-GQD/G-30 

with the same doping time. To show the important role of GQD in improving ORR 

activity, BN-G was tested and shows much inferior activity. When compared to 

commercial Pt/C, it is remarkable that the onset potential of BN-GQD/G-30 

measured from the RDE voltammograms was ~15 mV more positive than that of 

Pt/C. In addition, the diffusion-limited current density and current density in the 

potential range of 0.20 V to – 0.15 V of BN-GQD/G-30 was also larger than those of 

Pt/C at the same mass loading, suggesting the higher ORR activity of BN-GQD/G-30 

than Pt/C. Figure 3.2-6b summarizes electron transfer number (n) and kinetic 

current densities (JK) obtained from the K-L equation for all samples. BN-GQD/G-30 

with its nearly full 4-electron ORR process (n = 3.93) and large kinetic current (JK = 

11.1 mA cm-2) outperformed DF-GQD/G (n = 2.56, JK = 2.1 mA cm-2), N-GQD/G (n = 

2.62, JK = 5.4 mA cm-2), BN-G (n = 3.25, JK = 5.6 mA cm-2), BN-GQD/G-10 (n = 2.70, JK 

= 4.3 mA cm-2) and BN-GQD/G-60 (n = 2.62, JK = 7.2 mA cm-2), highlighting the 

importance of tuning doping concentration and the synergistic co-doping effects. 

More importantly, the kinetic current of BN-GQD/G-30 was even larger than that of 

Pt/C (JK = 9.6 mA cm-2). 

3.2.4. Conclusions 

    In summary, with inexpensive and earth-abundant coal and graphite as raw 

materials, the low-cost production of boron and nitrogen co-doped graphene 
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quantum dots/graphene hybrid nanoplatelets by hydrothermal reaction and post-

annealing treatment was demonstrated. With enriched edge and BN doping sites 

from graphene quantum dots and high electrical conductivity from graphene, the 

optimized hybrid nanoplatelets exhibit excellent ORR activity with ~15 mV more 

positive onset potential and similar current density when compared to commercial 

Pt/C. 
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Chapter 4 

Anodic Porous Thin Films for Water 

Splitting  

4.1. Edge-Oriented MoS2 Nanoporous Films as Flexible 

Electrodes for Hydrogen Evolution 

This sub-chapter was mostly copied from reference 16.  

4.1.1. Introduction 

Molybdenum disulfide (MoS2), one of the most studied van der Waals solids, 

demonstrates unique physical properties when it is in single-layer, few-layer or re-

stacked layer forms. These can be fabricated by chemical exfoliation from its layered 

three-dimensional structure.[1-3] Recently, edge-oriented MoS2 nanomaterials were 

shown to be electrochemically active for fuel production, such as for hydrogen 

evolution reaction (HER) at the highly exposed edges sites.[4] MoS2 nanomaterials 
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have also been shown for energy storage in electrochemical capacitors 

(supercapacitors) due to their large surface area for double-layer charge storage or 

much higher pseudo-capacitance from the H+ or Li+ intercalation into the S-Mo-S 

stacked layers.[5] Therefore, in view of fuel production and energy storage 

applications, edge-oriented MoS2 thin-films directly grown on certain substrates by 

chemical vapor deposition (CVD) or transition metal sulfurization approaches hold 

more promise than solution-phase (chemical exfoliation and solvothermal methods) 

fabricated MoS2 nanostructured powders CVD and sulfurization could be simpler 

fabrication processes with reduced cost for attaining the high surface area and 

exposed edges of MoS2. Moreover, by CVD, there is no need for a host material 

(glassy carbon) support. But only recently have edge-oriented MoS2 films been well-

engineered for HER applications. Cui et al. reported an edge-terminated film of MoS2 

with a kinetic current density of 8 mA cm-2 at 0.4 V (vs RHE) and a Tafel slope of 75 

mV dec-1. They proposed that the improved performance was due to an increase in 

the surface area of the films.[6] Jaramillo et al. fabricated a porous MoS2 film with 

preferentially exposed active edge sites that delivered a kinetic current density ~ 12 

mA cm-2 at 0.3 V (vs RHE) and a Tafel slope of 50 mV dec-1.[7]  

To combine fuel production and energy storage in a single electrode, which can be 

further used for some conformal and portable energy devices, the fabrication of the 

MoS2 thin-films with abundant exposed (edge-oriented) active sites and high 

surface area is necessary. To this end, looking for an easy approach to fabricate 

edge-oriented MoS2 nanoporous thin-films is becoming increasingly important. 
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However, the facile approach to accomplish this goal is rarely reported to our 

knowledge.  

In the last decade, self-assembled porous metal oxides anodically grown in situ on 

metal substrates with high surface area and 3-dimensional open frameworks that 

enable mass transport, have been used in applications in electrochemical energy 

production and storage.[8] However, to our knowledge, it is still challenging to grow 

anodic nanostructures on metals such as on Cr, Cu and Mo because of difficulty in 

controlling the dynamic equilibrium between oxide formation and dissolution of the 

metals.[9] In the present work, the electrochemical anodization of molybdenum 

metal was used to fabricate nanostructured Mo oxide thin-films followed by 

reaction with sulfur vapor to fully convert the oxides to edge-oriented MoS2 thin-

films. The edge-oriented MoS2 thin-film fabrication process is simple and scalable 

when compared to conventional approaches. The edge-oriented MoS2 thin-film 

flexible electrodes deliver catalytic properties in the HER due to their edge-oriented 

structure, and they show excellent supercapacitor performance that is derived from 

their high surface area nanoporous morphology. The integration of fuel production 

(hydrogen evolution) and energy storage (hydrogen storage) into a single flexible 

thin-film electrode is an attractive possibility that might be attainable with this 

material, only the former process is demonstrated here.  
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4.1.2. Experiments 

4.1.2.1. Materials Synthesis 

    Molybdenum foils (0.025 mm, 99.9%, Sigma-Aldrich) were sonicated in ethanol 

for 1 h before being used as substrates. Sponge-like Mo oxide films were anodically 

grown in an aqueous solution of 0.15 M oxalic acid (99.5%, J. T. Baker)-0.1 M Na2SO4 

(99.3%, Fisher Scientific)-0.01 NaF (99%, Acros Organics) at a constant current 

density of 25 mA cm-2 for 20 min. Electrochemical anodization was carried out at 

room temperature in a two electrode set-up with platinum foil as a counter 

electrode. After anodization, the samples were rinsed with water and then dried 

under nitrogen a gas flow. To convert the Mo oxide film to edge-oriented MoS2 films, 

the reactions with sulfur were performed in a chemical vapor deposition (CVD) 

furnace. Specifically, the as-prepared Mo-oxide film was placed at the center of a 

standard 1-in quartz tube furnace. Sulfur powder (Sigma Aldrich) was placed at the 

upstream side of the tube furnace. The tube is evacuated to a base pressure of ~50 

mTorr for at least 10 min and flushed with Ar to remove the residual air. Then, the 

furnace center was set to the desired temperature (200 °C- 300 °C) within 10 min, 

and the reaction was allowed to proceed for certain time durations (30 min to 2 h) 

with Ar (100 sccm) as carrier gas, followed by natural cooling.[6]   
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4.1.2.2. Materials Characterization 

    A JEOL 6500F SEM was used to investigate the morphology of the samples. A JEOL 

2010 HRTEM was used to observe the morphologies and lattice fringes of the 

samples. Chemical composition of the samples were investigated by XPS (PHI 

Quantera XPS, Physical Electronics, USA). Raman spectra were recorded with a 

Renishaw Raman RE01 scope (Renishaw Inc., USA) using a 514 nm excitation argon 

laser. 

4.1.2.3. Electrochemical Measurements 

    Edge-oriented MoS2 films with geometric area ~ 0.785 cm2 grown on flexible Mo 

substrates were used as working electrodes for both HER performance and flexible 

supercapacitor testing. The electrochemical HER tests were performed in a H2 

saturated 0.5 M H2SO4 electrolyte with platinum foil and K2SO4 saturated Hg/HgSO4 

electrode (CHI) as counter and reference electrodes, repectively, within a three 

electrode set-up. The reference electrode is calibrated in H2 saturated electrolyte 

with respect to a reverse hydrogen electrode (RHE). Linear sweep voltammetry 

(LSV) and cyclic voltammograms were performed at scan rates of 5 mV s-1 and 50 

mV s-1, respectively. The EIS were carried out at open circuit potentials with a 

frequency range of 10-1 to 2×105 Hz with an ac signal amplitude of 5 mV. Flexible 

supercapacitor performance was tested by sandwiching two pieces of films with a 

piece of membrane soaked in 1 M LiOH. Voltammograms were measured from 50 

mV s-1 to 1000 V s-1 in a potential range from -0.8 to 0.8 V. Galvanostatic 

discharge/charge curves were collected at current densities from 1 to 10 mA cm-2. 
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All the electrochemical characterizations were carried out with an electrochemical 

analyzer (CHI 608D, CH Instruments, USA). 

4.1.3. Results and Discussion 

The molybdenum oxide porous film was anodically grown on Mo substrates by 

optimizing the electrochemical fabrication conditions. After anodic treatment at a 

constant current density of 25 mA cm-2 for 20 min, a porous (or sponge-like) film ~ 

1 μm thick (Figure 4.1-1) was formed with an average pore size ~ 5 to 10 nm 

(Figure 4.1-1b and 1c). From TEM images (Figure 4.1-1d-f), nanoscale particles 

were found to comprise the framework of the porous structure in the sponge-like 

film. Using that anodically formed sponge-like layer as a precursor, reactions with 

sulfur vapor were performed at 300 °C for 1 h to convert in situ molybdenum oxide 

to edge-oriented MoS2 without damaging its sponge-like structure. The maintenance 

of the structure of the film after conversion to the disulfide is evident from the scan 

electron micrograph (SEM, Figure 4.1-2a and b). No significant change in 

morphology can be distinguished.  Furthermore, the successful conversion to edge-

oriented MoS2 can be verified by transmission electron microscopy (TEM, Figure 

4.1-2c and 2d), where the S-Mo-S layers are resolved. Typical stripe-like nanoscale 

grains are clearly seen in the TEM image (Figure 4.1-2c). The layer-to-layer spacing 

identified from the high resolution image (HRTEM, Figure 4.1-2d) is ~ 0.65 nm, 

which is slightly larger than the layer-to-layer spacing of 0.61 nm of bulk MoS2.[10] 

This is probably due to the curvature of the MoS2 confined in the sponge-like 

structure of the film, a known phenomenon in nanoscale MoS2 bearing nanowires 
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and double-gyroid morphologies.[7,11] Apart from the simple fabrication process, 

low-cost and recyclability (it is difficult for powders to be collected and cleaned 

after use), another noteworthy advantage is that the sponge-like MoS2 films are 

directly grown on Mo thin foils (Figure 4.1-2e) with excellent flexibility, which 

would extend its potential applications in conformal flexible energy supply devices 

such as flexible supercapacitors.  

 

Figure 4.1-1 Microscopy of the anodically formed sponge-like Mo oxide films. a) 

Cross sectional SEM image. b) and c) Magnified SEM images. d)-f) TEM images 

with different magnifications. 
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Figure 4.1-2 Microscopy and photography observations of the edge-oriented 

MoS2 film with sponge-like morphology. a) and b) SEM images of the edge-

oriented MoS2 film at different magnifications. c) and d) TEM images of the 
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edge-oriented MoS2 film. e) Photograph of the flexible electrodes. Left picture 

shows the visible difference between Mo oxide (dark color) and MoS2 (gray 

color). Right picture shows the flexibility of the edge-oriented MoS2 film. 

To fabricate edge-oriented sponge-like MoS2 films, different sulfur vapor reaction 

temperatures, from 200 to 300 °C, and durations, from 30 min to 2 h, were 

investigated. The complete conversion to MoS2 is accompanied by reduction of the 

valence state of Mo from +6 to +4, which is easily distinguished by X-ray 

photoelectron spectroscopy (XPS). The reaction was performed with sulfur vapor 

(from elemental S), a kinetically driven process.[6] Therefore, the lower annealing 

temperature is preferred to ensure that the diffusion of sulfur is faster than 

chemical conversion, thereby achieving edge-orientation within the film. However, 

complete conversion is only achieved at 300 °C (Figure 4.1-3a), which is indicated 

by the transition from broad Mo 3d peaks (multi-valence states) to Mo (+4) 3d5/2 at 

229 eV, along with a shoulder at 232 eV, due to the formation of surface oxide after 

exposure to air.[7] The S 2p3/2 peak (Figure 4.1-3b) corresponding to sulfur (-2) in 

MoS2 is at 162 eV, along with a shoulder at higher binding energy, which is also from 

the surface oxide. Any attempts to reduce the annealing temperature to lower than 

300 °C produced incomplete conversion as shown in Figure 4.1-3a. Since the 

diffusion of sulfur vapor further into the sponge-like film is a time-dependent 

process, the complete conversion is achieved when the annealing duration is > 1 h at 

300 °C (Figure 4.1-4a and 4b). Raman spectroscopy is a superior technique to 

characterize the edge-orientation of MoS2 by distinguishing the vibration modes of 

A1g at 408 cm-1 and E12g at 382 cm-1, which represent the out-of plane Mo-S phonon 
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mode and the in-plane Mo-S phonon mode, respectively.[12] Furthermore, the 

relative intensities of E12g/A1g provide information on the surface of the MoS2 film. 

Accordingly, an edge-oriented MoS2 film is obtained (Figure 4.1-4c) after annealing 

at 300 °C for 1 h (intensity ratio ~ 44%), while reduced duration (30 min, intensity 

ratio ~ 60%) or extended duration (2 h, intensity ratio ~ 61%) do not form good 

quality edge-oriented MoS2 films.  

 

Figure 4.1-3 XPS spectra of the MoS2 films fabricated at different 

temperatures. a) XPS Mo 3d spectra. b) XPS S 2p spectra. 
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Figure 4.1-4 Structure characterizations of the MoS2 film fabricated at 300 °C 

for different time durations. a) and b) XPS Mo 3d and S 2p, respectively. c) 

Raman spectra of the MoS2 films. 

The edge-oriented MoS2 film can be used as an electrochemical HER catalyst 

based on the advantages provided by the maximized, oriented edge-sites in a given 

volume of the sponge-like film. An additional advantage of the edge-oriented MoS2 

films grown on flexible Mo substrates is that it becomes easier to use the material as 

electrodes for electrochemical performance testing because additives such as glassy 
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carbon are not needed. The use of additives could damage the morphology of the 

material and this possibility is obviated with the MoS2 films grown on flexible Mo 

substrates. The appealing HER activity of the edge-oriented MoS2 film (produced at 

300 °C for 1 h) is confirmed by the typical cathodic polarization curves and 

corresponding Tafel plots. The HER onsets of the sponge-like MoS2 films are located 

in an overpotential range similar to that reported for nanoscale MoS2 (from 150 to 

200 mV).[4,11,13] The maximum iR-corrected kinetic current density normalized to 

the geometric area can reach up to 18.6 mA cm-2 at an overpotential of 300 mV, 

which is higher than the less edge-oriented MoS2 films fabricated using other 

annealing times (30 min and 2 h, Figure 4.1-5a). The corresponding Tafel slopes of 

the MoS2 films are in the range of 50 to 72 mV decade-1 (Figure 4.1-5b). This 

indicates the Volmer reaction is taking place, a process to convert protons into 

absorbed hydrogen atoms on the sponge-like MoS2 film surface, and this process 

becomes the rate-determining step in the HER mechanism.[14] Similarly, edge-

orientation of the MoS2 films tailored by the sulfur reaction conditions shows an 

obvious influence on the HER activities, and a slope of 50 mV decade-1 is 

demonstrated from the highly edge-oriented sample. Compared to edge-terminated 

MoS2 films and porous MoS2 films reported recently,[6,7] the sponge-like edge-

oriented MoS2 films deliver higher kinetic current densities and lower Tafel slopes, 

which indicate better HER activities and make these materials more desirable for 

practical HER applications.  
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Figure 4.1-5 Electrochemical HER performance of the edge-oriented MoS2 

films. a) and b) iR-corrected LSV curves measured at 5 mV s-1 and 

corresponding Tafel slopes of the MoS2 films fabricated at 300 °C for different 

time durations. c) LSV curves of an edge-oriented MoS2 film fabricated at 300 

°C for 1 h. Initial curve was compared with the curves collected after 10,000 

and 20,000 cycles testing performed at a scan rate of 0.5 mV s-1. d) EIS of the 

MoS2 films fabricated at 300 °C for different time durations. 
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polarization curve. It is observed that only a slight current density (without iR 

correction at overpotential of 400 mV) degradation from 17.2 mA cm-2 to 15.4 mA 

cm-2 (~ 89.5% retention) after 10,000 cycles and 14.2 mA cm-2 (~ 82.5% retention) 

after 20,000 cycles occurs. This suggests that the edge-oriented MoS2 films are 

stable throughout long-term repeated cycling in acidic electrolyte. Furthermore, XPS 

analysis performed on the sample after 20,000 cycles testing (Figure 4.1-6) 

confirms that the surface constituents of the edge-oriented MoS2 film are still intact 

without irreversible changes in the valence state of Mo or sulfur decay. The 

enhanced charge transport in these edge-oriented MoS2 films are indicated by the 

small ohmic resistance in the electrochemical impedance spectroscopy (EIS, Figure 

4.1-5d), which also contributes to their HER activities.  

 

Figure 4.1-6 XPS spectra of the edge-oriented MoS2 films measured after 

20,000 cycles. a) XPS Mo 3d spectra. b) XPS S 2p spectra. 
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Figure 4.1-7 Electrochemical energy storage performance of the edge-oriented 

MoS2 films. a) CV curves performed over a potential window between -0.8 and 

0.8 V at scan rates of 10, 20, 50 and 100 V s-1. b) Variation of areal capacitance 

at different scan rates. c) Discharge/charge profiles obtained at current 

density from 10 mA cm-2 (the current density is the applied current divided by 

the geometrical area of the electrode: 0.785 cm2). d) The variation of areal 

capacitance at different current densities from 1 to 10 mA cm-2. e) 10,000 

cycling tests measured at 10 mA cm-2. The inset shows the discharge/charge 

profiles obtained after 10,000 cycling tests at a current density of 10 mA cm-2. 

f) EIS of the flexible device with an enlarged high frequency region in the inset. 
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To evaluate the electrochemical capacitor performance of the edge-oriented MoS2 

thin-film, two pieces of the electrode were sandwiched with a polymer membrane 

soaked in 1 M LiOH solution to produce a two-electrode, all-solid-state, flexible 

supercapacitor device. CV was performed on that flexible device within a potential 

window from -0.8 to 0.8 V at scan rates ranging from 50 mV s-1 to 1000 V s-1 to 

access the electrochemical charge storage behavior of the edge-oriented MoS2 thin-

film (Figure 4.1-7a). The measured voltammograms show quasi-rectangular shapes 

with a pair of small humps at ~ 0.1 V at cathodic sweep and ~ -0.1 at anodic sweep, 

which represent cation intercalation and reversible redox reactions between 

different valence states of Mo (+4  +3). The data indicate pseudocapacitance 

induced by intercalation, and redox reactions contributed to the supercapacitor 

performance and electric double layer capacitance (EDLC). An areal capacitance (CA) 

up to ~ 12.5 mF cm-2 is measured from the CV curve (Figure 4.1-7b) at a scan rate of 

50 mV s-1 and ~ 0.5 mF cm-2 and can be maintained even at scan rate of 1000 V s-1. 

The decrease of CA with increasing scan rates is common, especially in 

nanostructured materials with large surface area due to the difficulty in ion 

transport at high scan rates. In the edge-oriented MoS2 thin-film, the 

voltammograms retain their quasi-rectangular shape at scan rates over 100 V s-1. 

Furthermore, galvanostatic discharge/charge curves obtained at different current 

densities from 1 to 10 mA cm-2 (Figure 4.1-7c) show quasi-triangular shapes, which 

also indicates the EDLC-pseudocapacitance combined behavior of the devices. 

Similarly, the CA (Figure 4.1-7d) decreased from ~ 14.5 mF cm-2 at a current density 

of 1 mA cm-2 to ~ 2.2 mF cm-2 at 10 mA cm-2. The delivered capacitance of the 
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flexible device is even higher than recently reported supercapacitors assembled by 

using few-layer MoS2 film.[15] More promising is that the flexible devices based on 

edge-oriented MoS2 films show an increased CA from 2.2 to 10.5 mF cm-2 after 

10,000 testing cycles at a curent density of 10 mA cm-2 (Figure 4.1-7e). From the 

discharge/charge curves (the inset in Figure 4.1-7e) obtained after the cycling test, 

the quasi-triangular shape did not change significantly. This indicates the increase in 

the CA is probably from the more involved or activated edges (EDLC) rather than a 

further pseudocapacitance from Mo (valence state changes from +3 to +2). 

Electrochemical impedance spectroscopy (EIS) data presented in Figure 4.1-7f, also 

shows an excellent pseudocapacitive behavior of the device without the appearance 

of the semi-circle related to charge transfer resistance. Only a small equivalent 

series resistance of ~ 4 ohm was found, which facilitates electrostatic adsorption of 

ions.  

4.1.4. Conclusions 

In summary, edge-oriented MoS2 films were directly fabricated for the first time 

through reaction of sulfur with anodically formed Mo oxide sponge-like films on 

flexible Mo substrates. The properly tailored edge-oriented MoS2 film obtained by 

optimizing the annealing conditions delivers excellent HER activity with enhanced 

kinetics and long-term cycling stability. This is an indication that the materials could 

be used in applications as a practical catalyst for HER. In addition, working as 

flexible, all-solid-state supercapacitor devices, the edge-oriented MoS2 films exhibit 



 

129 
 

appealing energy storage performance. This makes it possible to integrate energy 

production and storage into a single material system. 
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4.2. Tungsten-Based Porous Thin Films for Hydrogen Evolution 

This sub-chapter was mostly copied from reference 34.  

4.2.1. Introduction 

Among all fuels, molecular hydrogen is the cleanest and it is expected to have an 

important role in the landscape of future alternative and sustainable energy 

technologies.1 Efficient production of hydrogen by electrochemical reduction of 

water is the key to achieving a hydrogen economy. The process relies on the use of 

effective electrocatalysts to overcome the large kinetic barrier so that the energy 
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conversion efficiency is improved. Until now, precious-metal-based materials have 

been the most effective HER electrocatalysts, but mass production and 

commercialization of such materials has been hindered by their high cost and 

scarcity.2,3 Hence, there is strong motivation to find non-precious metal-based HER 

catalysts. These alternatives include MoS2,4,5 Mo2C,6,7 MoB,7 Ni2P,8 first-row 

transition metal dichalcogenides,9 and transition metals encapsulated in nitrogen-

doped carbon.10,11 Very recently, tungsten-based compounds, such as disulfide 

(WS2) and carbide (WC), have attracted attention due to their unique structural 

features and have emerged as preferred electrocatalysts for the HER.12-15 

Specifically, as an important family member of van der Waals solids or layered 

transition-metal dichalcogenides (LTMDs), WS2 is crystallized in a graphite-like 

structure with strong anisotropy, resulting in interesting electrical performance in 

planar sheet and efficient electrocatalytic property for hydrogen production at the 

active edge sites.12,14,16 Moreover, WC is known as an interstitial compound with C 

atoms filling in the W crystal lattices. Because of its similarity to platinum in its 

behavior towards the adsorption of hydrogen, WC was also found to be a promising 

electrocatalyst for electrocatalytic hydrogen generation from water.13,17,18 

    Other than the intrinsic activities of the chosen electrocatalyst, engineering the 

morphology of the material also plays an important role in enhancing the overall 

HER performance. Catalysts with 3-dimentional (3-D) porous structures themselves 

or that are loaded on the appropriate 3-D substrates would have the benefits of 

larger surface area with more catalytically active sites, and more efficient mass 

transport in the porous medium, which both lead to improved catalytic 
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performance. Cui’s group first reported the use of CoSe2 as the most efficient HER 

catalyst among all first-row transition metal dichalcogenides. In their later work 

they changed the substrate for the CoSe2 loading from glassy carbon to carbon fiber 

paper (CP) and produced significant improvements in catalyst performance, 

benefiting from the 3-D structure of CP.9,19 Chang, et. al. synthesized MoS2 on 

various substrates and found that the catalyst on graphene-protected Ni foam with a 

3-D porous structure exhibited the highest HER current density.20 However, the use 

of 3-D porous substrates as support for HER catalysts has the downside of limited 

substrate choices considering the harsh conditions during catalyst preparation, such 

as reaction with sulfur at high temperature, and the subsequent HER testing in 

highly acidic electrolyte solutions. Furthermore, considering the practical 

application, it is more desirable to directly build self-supported porous film-based 

HER catalysts, which can reduce both the total weight of the electrode and the 

production cost by avoiding the use of supporting materials such as porous carbon 

and Ni foam. However, it is still rarely reported, perhaps because of the complexity 

of the design and the lack of efficient 3-D porous self-supported HER catalyst 

fabrication methods. Here, we demonstrate a facile method to fabricate 3-D porous 

tungsten based thin-film electrocatalysts without using any template. The anodically 

formed WO3 was converted to WS2 and WC through reaction with sulfur or carbon 

without destroying the porous features of the thin-films. Because of the highly 

porous structure, large number of active sites and low loading mass, both WS2 and 

WC demonstrate high HER electrocatalytic activity with low overpotentials, small 

Tafel slopes, and good stabilities. 
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4.2.2. Experiments 

4.2.2.1. Materials Synthesis 

To prepare porous PWO, tungsten foils (0.785 cm2 in area, 0.05 mm in thickness, 

99.9%, Sigma-Aldrich, USA) were used as substrates and were cleaned and 

degreased by sonication (Cole Parmer, model 08849–00) sequentially in 

isopropanol and acetone before use. Electrochemical anodic treatment was carried 

out at room temperature in a 20 mL solution of 0.15 M oxalic acid with 0.1 M Na2SO4 

and 0.01 M NaF in DI-water to grow PWO. Anodization was conducted at 60 V for 60 

min in a two electrode set-up with platinum foil as the counter electrode. 

To convert PWO into PWS, the PWO was placed at the center of a standard 1-in 

quartz tube furnace. Sulfur powder (Sigma Aldrich) was placed at the upstream side 

2 cm far away from the tube furnace center. The tube was evacuated to a base 

pressure of ~ 50 mTorr for at least 10 min and flushed with Ar to remove the 

residual air. Then, the furnace center was set to the desired temperature (350 to 

450 °C) within 10 min, and the sulfur powder was kept in the temperature zone ~ 

250 °C. The reaction was allowed to proceed for 20 min with Ar (100 sccm) as 

carrier gas, followed by natural cooling. 

To convert PWO into PWC, the PWO was placed at the center of a standard 1-in 

quartz tube furnace at 500-700 °C. H2 (200 sccm) and C2H2 (2 sccm) were supplied 

as carrier gas and carbon source gas, respectively. H2O was supplied by bubbling H2 

(200 sccm) throughout degassed water to remove any amorphous carbon. The 

growth pressure was ~ 6.4 Torr and the growth time was 5 min. 
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As control samples, NPWS and NPWC were also prepared by first oxidizing W foil 

(without anodic treatment) in air at 300 °C for 10 min, followed by reaction with 

sulfur or ethylene under the optimal conditions for preparing PWS and PWC, 

respectively. 

4.2.2.2. Materials Characterization 

    A JEOL 6500F SEM was used to examine the morphology of the porous samples. A 

JEOL 2010 HRTEM was used to observe the morphology and structural 

characteristics of the samples. Raman spectra were recorded with a Renishaw 

Raman RE01 scope (Renishaw Inc., USA) using a 514 nm excitation argon laser. 

Chemical compositions and elemental oxidation states of the samples were 

investigated by XPS spectra, which were taken on a PHI Quantera SXM scanning X-

ray microprobe. Al anode at 25 W was used as an X-ray source with a pass energy of 

26.00 eV, 45° take off angle, and a 100 m beam size. A pass energy of 140 eV was 

used for survey and 26 eV for atomic concentration. 

4.2.2.3. Electrochemical Measurements 

    The porous films with geometric area ~ 0.785 cm2 grown on W foil were directly 

used as working electrodes for HER testing. The HER tests were performed in a H2 

saturated 0.5 M H2SO4 electrolyte with platinum foil and K2SO4 saturated Hg/HgSO4 

electrode (CH Instruments) as counter and reference electrodes, respectively. The 

reference electrode was calibrated in H2 saturated electrolyte with respect to 

reverse hydrogen electrode (RHE), resulting in a shift of -0.67 V vs RHE in the 0.5 M 
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H2SO4 electrolyte used in this study. LSV polarization curves were performed at scan 

rate of 5 mV s-1 and the EIS were carried out at 200 mV overpotential within the 

frequency range of 0.1 to 100 kHz with an a.c. voltage of 5 mV. All the 

electrochemical characterizations were carried out with an electrochemical 

analyzer (CHI 608D, CH Instruments, USA). 

4.2.3. Results and Discussion 

    The fabrication process is schematically shown in Figure 4.1-1a. First, the top 

surface of the W foil was electrochemically etched into a porous WO3 (PWO) layer 

(see Experimental Section for details). The rest of the foil was kept in its metallic 

form so that it would act as the electrical contact during the HER testing process. To 

transform WO3 into WS2, the anodically treated foil (ATF) was allowed to react with 

sulfur vapor (Ar as carrier gas) for 20 min at 350 °C, 400 °C or 450 °C. Hereafter, 

these porous WS2 films will be denoted corresponding to their synthesis 

temperature as: PWS-350, PWS-400 and PWS-450, respectively, while the acronym 

PWS alone refers only to PWS-450. To obtain WC, the ATF was  reacted with C2H2 as 

the carbon source for 5 min at 500 °C, 600 °C, or 700 °C and similarly they will be 

denoted as PWC-500, PWC-600, and PWC-700, respectively, while PWC alone refers 

only to PWC-600.  
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Figure 4.2-1 (a) Schematic illustration on the synthesis of PWS and PWC. (b-d) 

SEM images of the top-down views of PWO, PWS and PWC, respectively, 

showing the porous structures. The inset in (b) is the side-view of the PWO 

film with a thickness of ~ 210 nm.   

The porous features of these thin-films were examined by scanning electron 

microscopy (SEM). As shown in Figure 4.2-1b, the surface of the WO3 layer was 

highly porous with a pore diameter of ~ 100 nm. The inset image shows the side 
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view of the film with a thickness of ~ 210 nm. Figure 4.2-1c,d show the 

morphologies of the films after reaction with sulfur or carbon, respectively, and the 

porous structures of PWS and PWC were largely preserved, indicating the structural 

integrity of these porous films. PWC was observed to have mild aggregation 

apparently due to the higher carbonization temperature. Transmission electron 

microscopy (TEM) was then used to further characterize the morphologic and 

structural features of these films after removal from the metal substrate for analysis 

(Figure 4.2-2). Figures 2a and 2e show the low magnification top view TEM images 

of PWS and PWC, respectively, and they further confirm the interconnected porous 

structure and uniform pore distribution of these films. Figure 4.2-2b shows the 

higher magnification TEM images of PWS, which consists of thin flake-like 

structures with the exposed edges of the WS2 sheets in the pores. PWC is different in 

that it is a densely packed nanoparticulate with particle diameters < 10 nm (Figure 

4.2-2f).  
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Figure 4.2-2 TEM characterization of the PWS and PWC.  (a) Low and (b) high 

magnification TEM images of PWS with porous structures consisting of sheet-

like WS2 layers. (c) HRTEM image of PWS, showing the exposed edges with the 

resolved W-S-W layer. The scan (bottom) along the yellow arrow shows the 

interlayer distance of 0.69 nm. (d) HRTEM image of the PWS basal plane. The 

inset is the corresponding FFT analysis. (e) Low and (f) high magnification 

TEM images of PWC with porous structures consisting of interconnected WC 

nanoparticles. (g) HRTEM image of PWC. (h) Enlarged view of the area in the 

yellow box in (g); and (i) the FFT of the corresponding area in (h). 

    To characterize the crystal structure and confirm the formation of PWS and PWC, 

high resolution transmission electron microscopy (HRTEM) was performed. Figure 

4.2-2c shows the planar edges of the PWS with resolved S-W-S layers. A scan along 

the yellow arrow (Figure 4.2-2c) gives the interlayer spacing of 0.69 nm, 

corresponding to the layer-to-layer distance of the (002) plane in WS2.21 The 

HRTEM image in Figure 4.2-2d shows the basal plane (100) of WS2 with hexagonal 

structures formed by the W and S atoms.22 The crystalline features and hexagonal 

(001)

0.28 nm
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lattices of WS2 were further confirmed by fast Fourier transform (FFT) analysis 

(inset in Figure 4.2-2d). Figure 4.2-2g is the HRTEM image of PWC and the 

interlayer distance of 0.28 nm is consistent with the d-spacing of the (001) plane in 

WC.23 Figures 4.2-2h,i show the enlarged image and FFT of the area in the yellow 

box in Figure 4.2-2g, respectively, and both indicate the hexagonal arrangements of 

the atoms in WC.  

X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy were used to 

further investigate the composition, elemental oxidation states and structural 

features of PWS and PWC. Figure 4.2-3a shows the XPS survey spectra of PWS, PWC 

and PWO. For the PWO sample, peaks from the W and O were observed. After 

converting to PWS, the S peak appears with a large decrease in the intensity of the O 

peak. For PWC, the O peak was also decreased while there was an increase in the C 

peak intensity. The residual O peak in PWC may come from the surface oxide. These 

results indicate the effective transformation from PWO to PWS and PWC. The W 4f 

XPS spectra (Figure 4.2-3b) show that the binding energies of W 4f5/2 and W 4f7/2 in 

PWO are at 37.5 eV and 35.4 eV, respectively. After converting to sulfide and 

carbide, these two peaks shifted towards lower binding energies at 34.2 eV (W 4f5/2) 

and 32.3 eV (W 4f7/2) for PWS and towards 32.9 eV (W 4f5/2) and 31.0 eV (W 4f7/2) 

for PWC (Figure 4.2-3b), in accordance with the W oxidation state in WS2 and WC, 

respectively.24,25  In addition, the S 2p region (Figure 4.2-3c) in PWS exhibits a 

doublet with a binding energy at 161.7 eV for the S 2p3/2 peak, consistent with the 

oxidation state of S2- in WS2,26 whereas the C 1s region (Figure 4.2-3d) in PWC 

confirms the presence of a carbide C with peak location at 283.5 eV (< 284.8 eV for 
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graphitic C).27 Raman spectra of PWS (Figure 4.2-3e) show the out-of-plane W-S 

phonon mode (A1g) and in-plane W-S phonon mode (E12g) characteristic of WS2,16 

while in PWC (Figure 4.2-3f) there are two peaks corresponding to the D and G 

bands of the disordered carbon in the metal carbide.28,29 

 

Figure 4.2-3 (a) XPS survey spectra and (b) high-resolution XPS W 4f peaks of 

PWO, PWC and PWS. (c) High-resolution XPS S 2p peaks of PWS and (d) C 1s 

peak of PWC. (e) Raman spectrum of PWS showing E12g and A1g vibration 

modes. (f) Raman spectrum of PWC showing the D band and G band of carbon.  

The electrochemical activities of the catalysts were evaluated in a three-electrode 

cell using 0.5 M H2SO4 as the electrolyte. In order to show the catalytic performance 

benefits of porous structures, control samples of non-porous WS2 (NPWS) and non-
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porous WC (NPWC) were also prepared by heat treating surface-oxidized W foil 

under the same reaction conditions as in the preparation of PWS and PWC, but 

without pore generation by anodization (see Experimental Section for synthesis 

details). The mass loadings of PWS and PWC were estimated to be ~ 80 μg cm-2 and 

160 μg cm-2 by multiplying the density of WS2 (7.5 g cm-3) and WC (15.63 g cm-3) 

with the volume of the film (210 nm in thickness) in a 1 cm2 area, approximating 

50% porosity. Figure 4.2-4a shows the linear sweep votammetry (LSV) of PWO, 

PWS, NPWS, PWC and NPWC at a scan rate of 5 mV s-1 and the inset shows the 

enlargement of the region near the onset potential. All of the data is iR corrected. As 

shown in Figure 4.2-4a, the PWO electrode shows negligible current density over 

the entire tested potential region, indicating it is inactive as a HER catalyst. The PWS 

exhibits an onset overpotential (η) of ~ 100 mV, which is among the lowest value of 

LTMDs-based HER catalysts,30-32 indicating its superior HER activity. Further 

negative potential leads to the rapid increase of cathodic current density (j). The 

PWC has a slightly larger onset η (~ 120 mV), but its j increases fast enough that it 

reaches the same value as that of PWS at η = ~ 250 mV. This indicates that PWC may 

have a lower intrinsic HER activity than PWS, but its high electrical conductivity 

contributes to its better HER activity at large η. In sharp contrast, the NPWS and 

NPWC show much inferior activity with larger onset η (~ 140 mV for NPWS and ~ 

190 mV for NPWC) and smaller j over the entire potential region compared to PWS 

and PWC. These results demonstrate the dramatic advantages of the porous 

structures that result in increased numbers of active sites, efficient mass transport 

and thus better HER performance. The LSV polarization curves of the porous WS2 
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and porous WC synthesized at other temperatures are shown in Figure 4.2-4, and it 

can be seen that PWS-350 and PWS-400 have similar onset η, but smaller j 

compared to PWS-450 and the same applies to PWC-500 and PWC-700 when 

compared to PWC-600.   

 

Figure 4.2-4 LSV polarization curves of (a) PWS and (b) PWC samples 

synthesized at different temperatures.   

To gain further insight into the HER activity of these catalysts, Tafel plots were 

investigated. As shown in Figure 4.2-5b, the porous WS2 electrodes have Tafel 

slopes in the range of 67 to 88 mV decade-1, and the porous WC electrodes have 

Tafel slopes in the range of 67 to 70 mV decade-1. The NPWS and NPWC (Figure 4.2-

5b) again show less favorable HER activity with larger Tafel slopes of 97 and 117 

mV decade-1, respectively. The low values of the Tafel slopes are advantageous in 

practical application as it implies a faster j (hydrogen generation rate), that 

increases with applied η. Figure 4.2-5c shows Nyquist plots from electrochemical 

impedance spectroscopy (EIS) measurements of PWS and PWC. The small series 
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resistances (~ 10 Ω) observed in both samples suggests the importance of the direct 

synthesis of the catalyst layer on the conductive substrates, which enables easy 

electrical integration with minimal Ohmic losses.33 Also, both samples have 

relatively small charge transfer resistances of 130 Ω (PWS) and 170 Ω (PWC).  

 

Figure 4.2-5 Electrochemical characterizations. (a) LSV polarization curves for 

PWO, PWS, NPWS, PWC and NPWC in 0.5 M H2SO4 at scan rates of 5 mv s-1. (b) 

The Tafel plots for the corresponding electrodes. (c) EIS of PWS and PWC at η 

= 200 mV vs RHE from 100 kHz to 0.1 Hz. (d) Long-term stability tests 

measured galvanostatically at 10 mA cm-2 for 10,000 s. The inset shows the 

polarization curves of PWS and PWC before and after stability tests.    
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Other than the HER activity, stability is another important characteristic used to 

evaluate an electrocatalyst. The durability of PWS and PWC were examined by 

operating the electrocatalytic measurements at a constant j = 10 mA cm-2 and 

monitoring the potential change for a time period of 10 000 s. The potential 

responses (without iR-correction) vs time plot in Figure 4.2-5d show that the 

potentials to generate 10 mA cm-2 in PWS and PWC are stable during the stability 

testing but with slight initial degradation in the first 10 min, mainly due to the 

accumulation of bubbles on the surface of electrodes. Further, the polarization 

curves of PWS and PWC before and after the stability testing were compared. The 

results (inset in Figure 4.2-5d) show that PWC has a better stability than PWS, as 

PWC has negligible decay after the long-term testing with the initial and final curves 

almost overlapping, while PWS exhibits obvious degradation with increased onset η 

and decreased j. 

4.2.4. Conclusions 

In conclusion, we have successfully demonstrated a facile and template-free 

approach to fabricate a 3-D porous tungsten-based (WS2 and WC) thin-films. The 

porous features of these thin-films allow maximum exposure of active sites and 

efficient mass transport, resulting in excellent HER catalytic performance with 

enhanced kinetics and stability. This work also provides an efficient strategy to 

prepare binder-free and self-supporting porous electrodes that may be readily 

integrated with other water splitting components and devices.   
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4.3. Amorphous Ni-Co Binary Oxide Nanoporous Layers for 

Oxygen Evolution 

This sub-chapter was mostly copied from reference 37.   

4.3.1. Introduction 

    Primarily because of the sluggish kinetics induced by multi-step proton-coupled 

electron transfer, electrocatalytic oxygen evolution reaction (OER) on water 

oxidation is an efficiency-limiting process for the attractive renewable energy 

production approaches such as photocatalytic or electrolytic water splitting, solar 

fuel cells and rechargeable metal-air batteries.[1,2] An effective electrocatalyst 

requires small Tafel slope and reduced overpotential to expedite the reaction and 

enhance the energy conversion efficiency.[3,4] So far, RuO2 and IrO2 are considered to 

be the most efficient catalysts for the OER, but the scarcity of those metals limits 

their practical interests in mass production.[5,6] Therefore extensive studies have 

been invested on developing inexpensive and efficient OER electrocatalysts based 

on earth-abundant metals.[7-9] Recently first-row transition metal oxides, 

particularly those with Co-based spinel and perovskite structures, such as Co3O4 and 

(Ln0.5Ba0.5)CoO3−δ (Ln = Pr, Sm, Gd and Ho), etc.,[10,11] have been widely investigated 

as efficient OER electrocatalysts owing to their intrinsic electrocatalytic activities 

comparable to RuO2 and IrO2.[12] To further enhance the OER electrocatalytic 

activities of those oxides, ingenious approaches were developed like: (i) modifying 

both physical (roughness factor, conductivity, and active site density, etc.) and 
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chemical properties (average oxidation state, etc.) through doping or the fabrication 

of binary oxide mixtures;[13] (ii) increasing the electrochemically active surface 

areas by forming defined nanostructures (nanorods, macroporous, etc.) into  thin 

films.[14] Only very recently lattice distortion on the surface of amorphous metal 

oxides was also reported to play a crucial role in reducing the OER activation energy 

which rendered the amorphous oxides with better OER activities than their 

crystalline counterparts.[15] Compared with other conventionally used fabrication 

techniques, electrodeposition is widely recognized as a practical and omnipotent 

method to fabricate films and nano-structured materials because: (i) it can be used 

to deposit metal, metal oxides and multi-metal alloy layers;[16] (ii) the crystallinity of 

the deposited layers can be controlled from amorphous to well-crystalline by 

tailoring deposition conditions;[17] (iii) most of the experiments are generally 

conducted in ambient condition at room temperature;[18] (iv) no post-annealing is 

needed to remove or decompose organic precursors as used in sol-gel method.[19] 

However, to form nanoscale highly porous metal oxides with greatly increased 

electrochemically active sites is still a challenge for this technique without using any 

templates.[20] Here we present a modified technique by assisting electrodeposition 

with anodization to fabricate amorphous Ni-Co binary oxide layers with highly 

porous morphologies and investigate the impacts of binary oxide compositions on 

their surface (physical and chemical) characteristics and electrocatalytic OER 

performances.  
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4.3.2. Experiments 

4.3.2.1. Materials Synthesis 

    Commercial microscope slices (75×25×1 mm, 9101-E, Premiere) as substrates 

were cleaned and degreased by sonication in isopropanol (≥ 99.7%, Sigma-Aldrich, 

USA) and deionized water. Then the slices were further cleaned in a Fischione 1020 

argon/oxygen plasma cleaner 2 min under 600 W power. After that, 50 nm Au was 

sputtered on the substrates as the conductive layer using a Denton Desk V Sputter 

System. Electrodeposition was then carried out in an aqueous mixture solution of 0-

0.05 M NiSO4 (99%, Sigma-Aldrich, USA), 0-0.05 M CoSO4 (99%, Sigma-Aldrich, USA) 

and 0.5 M H3BO3 (99.5%, Sigma-Aldrich, USA) to galvanostatically deposit Ni-Co 

alloy layers on the substrates at 10 mA for 1 hour. Subsequent anodic treatments 

were performed galvanostatically at 20 mA for 10 min in a solution of 0.2 M NH4F 

(98%, Sigma-Aldrich, USA) with 2 M deionized water in ethylene glycol (Fisher 

Scientific, USA). The samples were then rinsed with deionized water and dried 

under nitrogen gas flow. 

4.3.2.2. Materials Characterization 

    JEOL 6500F Scanning Electron Microscope (SEM) was used to investigate the 

morphology of the samples. JEOL 2010 high resolution transmission electron 

microscope (HRTEM) was used to observe the morphologies and elemental 

mapping of the samples. Raman spectra were recorded with a Renishaw Raman 

RE01 scope (Renishaw Inc., USA) using a 514 nm excitation argon laser. X-ray 
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diffraction (XRD) analysis was performed by a Rigaku D/Max Ultima II 

(Rigaku Corporation, Japan) configured with a CuKα radiation, graphite 

monoichrometer, and scintillation counter. Chemical compositions of the samples 

were checked by XPS (PHI Quantera XPS, Perkin Elmer, USA). Wettability (contact 

angle) measurements were conducted on a Rame Hart contact angle goniometer. 

4.3.2.3. Electrochemical Measurements 

    Nanoporous layer with geometric area ~ 0.785 cm2 were directly used as 

stationary working electrodes. The elelctrocatalytic OER tests were performed in an 

O2-saturated 1 M NaOH aqueous solution with platinum foil and Hg/HgO (in 1 M 

NaOH, CH Instruments) electrode as counter and reference electrodes,  respectively, 

within a three electrode set-up. Cyclic voltammograms were performed at a scan 

rate of 5 mV s-1 and polarization curves were converted from linear sweep 

voltammetry (LSV) measured at 5 mV s-1. EIS were carried out at different 

overpotentials with a frequency range of 10-2 to 106 Hz with ac signal amplitude of 5 

mV. The roughness factor was calculated by dividing the double-layer capacitance 

obtained from EIS at open circuit potential by the value of 40 µF cm-2 (average 

capacitance for metal oxides in 1 M NaOH). The current density was normalized to 

the geometric area of the layer and the measured potentials versus Hg/HgO were 

converted to a reversible hydrogen electrode (RHE) according to the Nernst 

equation (ERHE = EHg/HgO + 0.0591 pH + 0.098). All the electrochemical 

characterizations were carried out with an electrochemical analyzer (CHI 608D, CH 

Instruments, USA). 
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4.3.3. Results and Discussion 

To fabricate amorphous Ni-Co binary oxide nanoporous layer (NPL), the designed 

procedure is schematically shown in Figure 4.3-2a: (i) plasma treated commercial 

glass slices were used as substrates followed by (ii) sputtering 50 nm gold as 

conductive layer and then (iii) Ni-Co alloy layers were electrodeposited. Finally (iv) 

anodically galvanostatic treatments on the alloy layers were performed to form 

amorphous NPL. Electrolytes with different compositions (based on the atomic ratio 

of Co in the baths from 0 to 100 at.%) were used to electrodeposit Ni-Co alloy layers. 

After anodization, the compositions of metal elements in the obtained binary oxides 

NPL were investigated by XPS (Figure 4.3-1a-b) and the correspondence between 

Co/Ni compositions in the baths and NPL was shown in Figure 4.3-4a (if not 

mentioned otherwise, at.% Co in baths were used to denote different samples in this 

paper). The Co contents did not increase linearly with Co concentrations in baths 

and a sudden increase was observed over 40 at.% Co in baths. This is likely due to 

the faster deposition rate of Co than Ni at specified electrodeposition conditions in 

baths.[21] Corresponding morphology changes observed in SEM images (Figure 4.3-

2b-d) reveal that smaller pores (mainly less than ~ 10 nm) are formed in lower Co 

content NPL (0 to 40 at.% Co in baths), whereas larger pores with size over 50 nm 

are formed in higher Co content NPL (60 to 100 at.% Co in baths). Because of the 

different anodic etching kinetics between Co and Ni, much smaller pores can be 

formed in Ni or Ni-rich alloys.[22]  
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Figure 4.3-1 XPS analysis on the Ni-Co binary oxides NPL. a) and b) XPS Co 2p 

and Ni 2p peaks of the NPL with different Co-contents, respectively. c) XPS O1s 

peaks of the representative NPL. The representative XPS O1s peaks of 0, 40, 60 

and 100 at.% Co evidently show a conversion from an anhydrous surface (100 

at.% Co) with O1s peak at 530.5 eV assigning to oxides[37] to a fully hydrous 

surface (0 and 40 at.% Co) with O1s peak at 531.6/531.2 eV belonging to 

hydroxides.[38] While a partially hydrous surface can be found from Co-rich 

NPL (60 at.% Co). 
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Figure 4.3-2 Schematic illustration of fabrication processes and electron 

microscopy characterizations of the nanoporous layer (NPL). a) Schematic 

illustration of fabrication processes. b)-d) SEM images of NiO, Ni-Co binary 

oxide (40 at.% Co) and Co3O4 NPL, respectively. e)-g) TEM images of NiO, Ni-Co 

binary oxide (40 at.% Co) and Co3O4 NPL, respectively. h)-k) EFTEM image and 

elemental mapping of Co, Ni and O in Ni-Co binary oxide (40 at.% Co) NPL, 

respectively. 
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TEM investigations (Figure 4.3-2e-g) on the nanoporous morphologies of the NPL 

also show greatly reduced pore sizes in lower Co content NPL, which is consistent 

with SEM observations. Moreover, TEM elemental mapping performed on the Ni-Co 

binary oxides NPL (Figure 4.3-2h-k) indicates a uniform distribution of Ni, Co and O 

throughout the NPL. No lattice fringes from oxides can be found during TEM 

observations and this indicates the amorphous or poorly crystalline feature of the 

NPL, which is further confirmed by XRD (Figure 4.3-4b) and Raman analysis (Figure 

4.3-4c). Taking representative sample, i.e. 40 at.% Co, for XRD and Raman 

characterization, it is evident that the as-prepared NPL show no diffraction peaks 

for crystalline Ni-Co oxides and only strong peaks from sputtered Au and deposited 

Ni-Co alloy can be detected.  On the contrary, after post-annealing at 400 °C for 1 h in 

air, well crystalline Ni-Co oxide can be formed. Similarly, apparent vibration modes 

from NiO at 460 cm-1, 577 cm-1 and Co3O4 at 485 cm-1, 524 cm-1, 691 cm-1 can be 

found from post-annealing sample.[23, 24] 

It is important to investigate the interrelationship between the compositions of 

the Ni-Co binary oxide NPL and their surface characteristics such as roughness 

factor (RF), defined as the ratio of the electrochemically active surface area (ECSA) 

to the geometric surface area, and the contact angle, since electrocatalytic processes 

generally occur on the surface of the catalysts.[25] Although no significant change in 

the pore size is observed within Ni-rich (0-40 at.% Co) NPL, the RF shows a 

nonlinearly change with increasing Co-content and a maximum value ~ 17 is 

achieved at 10 at.% Co sample (Figure 4.3-4a).  Another interesting result is that 

with bigger pores in Co-rich NPL (60-100 at.% Co), the RF drops dramatically which 
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could be due to the poor conductivity of Co3O4 in the binary oxides.[26] Moreover, the 

NPL changes from hydrophobic to hydrophilic surface (Figure 4.3-4d and Figure 

4.3-3)  with the increase of Ni-content in the binary oxides. This can be explained by 

the fact that the Ni-rich NPL tend to form more hydrated surfaces as detected by XPS 

(Figure 4.3-1). 

 

Figure 4.3-3 Optical images of the NPL during wettability (contact angle) 

measurements. a)-h) NPL with different Co-contents, i.e. 0, 5, 10, 20, 40, 60, 80, 

100 at.% Co, respectively. 
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Figure 4.3-4 Analysis of the NPL. a) The variation of Co-content in NPL and 

roughness factor (RF) on Co-content in bath. b) and c) XRD patterns and 

Raman spectra of the Ni-Co binary oxide (40 at.% Co) NPL before and after 

post-annealing at 400 ºC for 1 h, respectively. The inset in b) shows the 

enlarged region in low diffraction angle. d) The variation of contact angle on 

the Co-content in bath. 

Electrocatalytic OER activity and kinetics were examined through testing cyclic 

voltammograms (CVs), polarization curves and electrochemical impedance 

spectroscopy (EIS) in O2-saturated 1M NaOH aqueous solution with stationary NPL 

as working electrode and Hg/HgO (in 1M NaOH) as reference electrode. The 

representative iR-corrected CVs and polarization curves performed at a scan rate of 

5 mV s-1 are shown in Figure 4.3-5a-b and Figure 4.3-7. As shown in the inset of 

Figure 4.3-7a, a significantly increased area enclosed by CV is observed in Ni-rich 
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NPL (40 at.% Co in bath for example) than both pure NiO and Co3O4 NPL, which 

indicates larger ESCA involved in the electrochemical processes.[27] Likewise, Ni-rich 

NPL (40 at.% Co) shows an enhanced OER activity with higher OER current at lower 

overpotential (η).  

 

Figure 4.3-5 OER performances of the NPL with different Co-contents. a) iR-

corrected CVs measured at 5 mV s-1. b) iR-corrected Tafel plots converted 

from LSV measured at 5 mV s-1. 

Mechanistic insights into OER processes are accessible through approximately 

estimating Tafel slopes from polarization curves. Different Tafel slopes derived at 

small η were identified from pure NiO (55 mV decade-1 with a reaction order ~ 1) 

and Co3O4 (42 mV decade-1 with a reaction order approaching 3/2) NPL, which 

imply different rate determining step in NiO and Co3O4 NPL within a given 

pathway.[28] For Ni-rich NPL (40 at.% Co), the Tafel slope can be reduced to 39 mV 

decade-1 (with a reaction order ~ 3/2) which is among the lowest values reported 

for group VIIIB metal (Fe, Co and Ni) oxides.[29-31] Although the reason for the 

200 250 300 350 400 450
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

 

 
lo

g
 (

j g
e

o
 /

 m
A

 c
m

-2
)

 (V)

 

 

 5 at.% Co

 10 at.% Co

 20 at.% Co

 60 at.% Co

 80 at.% Co

1.2 1.3 1.4 1.5 1.6 1.7

0

20

40

60

80

 

 

j g
e

o
 (

m
A

 c
m

-2
)

E (V vs. RHE)

  5 at.% Co

 10 at.% Co

 20 at.% Co

 60 at.% Co

 80 at.% Co

a b



 

159 
 

differences in rate determining steps for different first row transition metal oxides 

are still under controversy,[32] the most likely possibility in our case is due to the 

different abilities to form hydrous surface and adsorption capacity of OH-.[33] Ni-Co 

binary oxides with other Co-contents are also investigated for OER electrocatalysts 

and the variation of onset potentials (determined from the inflection points of 

polarization curves), η at 10 mA cm-2 and Tafel slopes over Co-contents (bath) are 

shown in Figure 4.3-7c-d. Similar tendency as shown in Figure 4.3-7c demonstrates 

that Ni-rich NPL (10-40 at.% Co) have apparently reduced η (325-335 mV) to get 10 

mA cm-2 as well as maintaining turn-on η in a low range (250-260 mV). Meanwhile 

those Ni-rich NPL (10-40 at.% Co) have similar Tafel slopes (from 39 to 44 mV 

decade-1), which indicates the same rate determining step is responsible for the 

OER. Electrode kinetics analysis (Figure 4.3-7e) was performed by simulating 

charge transfer resistance, Rct1 for surface oxide layer and Rct2 for inner oxide 

layer,[34] from EIS tested at oxygen evolution η (350 mV, Figure 4.3-6).  
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Figure 4.3-6 EIS analysis on the NPL with different Co-contents measured at 

overpotential of 350 mV.  

The simulated Rct1 for NPL with different Co-contents show no significant 

oscillation within a quite low value range less than 2 Ω, which indicates fast charge 

transfer occurred on the surface of NPL. Whereas Rct2 can be markedly reduced with 

increasing Ni-contents, especially for those NPL with 10-40 at.% Co, which is most 

likely due to the intrinsically poor conductivity of amorphous Co3O4 in the binary 

oxides. Long-term stability tests were performed on the Ni-Co binary oxides NPL 

both galvanostatically (at 10 mA cm-2) and potentiostatically (at 1.58 and 1.59 V vs. 

RHE) for 10k second (Figure 4.3-7f).  
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Figure 4.3-7 Electrocatalytic OER performance of the Ni-Co binary oxide NPL. a) 

and b) iR-corrected CVs and Tafel plots of the Ni-Co binary oxide NPL (0, 40 

and 100 at.% Co) measured at a scan rate of 5 mV s-1, respectively. The inset in 

a) shows enlarged region in lower potential. c) and d) The variation of onset 

potential/overpotential at 10 mA cm-2 and Tafel slope on Co-content in bath, 

respectively. e) The variation of charge transfer resistance on Co-content in 

bath. The resistances were simulated from EIS measured at η ~ 350 mV. f) 

Long-term stability tests measured both galvanostatically at 10 mA cm-2 and 

potentiostatically at 1.58/1.59 V vs. RHE for 10k second. 
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Figure 4.3-8 CVs of the deposited layers with different treatments. a) The 

comparison among Ni-Co binary oxide NPL, as-deposited Ni-Co layer and Au 

substrate. b) Post-annealled NPL with different Co-contents, i.e. 0, 40 and 100 

at.%, respectively. 

It is exciting to notice that the OER electrocatalytic activity for the NPL is stable 

over long-term testing. The slightly initial decay observed in the first few minutes is 

due to the physical adsorption of the generated bubble on the electrode surface 

which reduces the active surface for OER. To demonstrate the advantages of the 

amorphous/nanoporous structure of the Ni-Co binary oxide layers, control 

experiments were performed (Figure 4.3-8). It is evident that the sputtered Au-

substrate contribute negligibly to the excellent OER current of the NPL. Also, the as-

deposited Ni-Co layer without nanoporous morphology shows much lower OER 

current compared with NPL. As already reported recently, amorphous metal oxides 

with abundant surface defects and lattice dislocations show superior OER 

performance  compared to their well-crystalline counterparts, which is also 

applicable to our Ni-Co binary oxides NPL.  The electrochemical approaches used in 

the present work, i.e. electrodeposition and anodization, are well known for their 
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abilities to form defect-rich amorphous films. The fabricated Ni-Co binary oxides 

NPL in the present work shows favorable kinetics toward OER with a Tafel slope ~ 

39 mV decade-1 as well as low overpotential of ~ 325 mV to get 10 mA cm-2, which 

are better than most of the recently reported OER electrocatalysts, such as N-doped 

graphene hydrogel/NiCo double hydroxide (614 mV decade-1)[35] and active MnOx 

(120 mV decade-1)[36] and can be considered as competitive candidates to replace 

Ru- and Ir-based oxides. 

4.3.4. Conclusions 

In summary, the Ni-Co binary oxide nanoporous layers fabricated by 

electrodeposition assisted with anodization show appealing advantages both 

morphologically (highly porous) and structurally (amorphous structure with 

defective surface, doing effect from Ni-doping or synergy from Ni-Co binary oxides). 

The highly porous materials provide increased electrochemically active surface 

areas (roughness factor up to 17), reduced charge transfer resistance, small 

overpotential (325 mV) to get 10 mA cm-2 current density and decreased Tafel slope 

(39 mV decade-1), which  altogether make them into promising candidates to 

replace expensive Ru- and Ir-based oxides for water oxidation in metal-air batteries, 

water-splitting and solar fuel cells. The presented technique is also believed to be 

applicable in preparation of other binary or multiple-metals or metal oxides 

nanoporous films not limited to the materials discussed in the present work. And 

this would be an facile  approach to fabricate nanoporous materials  for applications 

in various fields of renewable energy production and storage. 
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4.4. Porous Co-Based Thin Film as Bifunctional Catalysts for 

Overall Water Splitting 

This sub-chapter was mostly copied from reference 23.  

4.4.1. Introduction 

Molecular hydrogen is an ideal clean and renewable fuel gas for a sustainable 

energy future. In combustion or by electrolysis in a fuel cell, it produces only water, 

free of greenhouse gases.[1] And unlike electricity, H2 can be stored and transported 

in large quantities. Most H2 is produced today through the nickel-catalyzed 

conversion of CH4 to H2 and CO or CO2; hence, water electrolysis would be a far 

cleaner route to generate H2. Therefore, among H2 production technologies, water 

electrolysis is regarded as the far cleaner route to generate H2.[2] However, water 

electrolyzers require precious metals (Pt) or noble metal oxides (RuO2 and IrO2) as 

catalysts to facilitate the hydrogen and oxygen evolution reactions (HER and OER, 

respectively).[3] The high cost and scarcity of these metals makes them less 

attractive for mass production in energy devices to be applied globally. Even though 

Ni-based alloys are commercially utilized as alternative HER catalysts, they corrode 

easily in acidic media, which makes them infeasible for applications in proton 

exchange membrane (PEM)-based electrolyzers.[4] It is even more challenging to 

design an OER catalyst because of the sluggish four-electron transfer process in 

water oxidation.[5] Hence, it is highly desirable to develop inexpensive catalysts with 

efficient activity toward water electrolysis with concomitant high durability in 
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acidic electrolytes.[6] To this end, some transition metal-based compounds, 

especially Co-based catalysts, have been developed.[7] Inspired by the similarities 

between the cathodic H2 evolution and catalytic hydrodesulfurization (HDS) 

processes, some excellent HDS catalysts, such as Co-phosphides (Co2P and CoP), are 

reported to also work as HER catalysts with activities that are competitive to Pt-

based catalysts.[8] Additionally, Co-phosphate has been investigated as an efficient 

OER catalysts owing to their ability to facilitate a rapid proton transfer.[9] 

    As important as developing new catalysts, nano-structuring is an essential way to 

further improve the HER activity of the existing catalysts by exposing more 

electrochemically active sites to the electrolyte.[10] This includes the fabrication of 

high-surface-area nanostructured catalysts and then dispersing the catalysts on 

porous supports such as porous carbon.[11] However, taking into account the 

possible catalyst deactivation caused by either poisoning or mechanical shedding 

from the supporting materials, it is more favorable to make the catalysts themselves 

into highly porous thin-films without using any additives.[12] Template-assisted 

approaches can be complicated and expensive,[13] while the fabrication of porous 

metal thin-films in a simple, facile and scalable. Following the electrochemical 

fabrication of anodic aluminum oxide (AAO), some other metal oxides such as Fe2O3, 

Ta2O5 and V2O5 have been anodically grown on metal substrates.[14] The enabled 

high surface area and efficient mass transport within those porous thin-films make 

them excellent in electrochemical energy storage and generation applications. 

However, it remains challenging to anodically grow ordered nanostructures on Co 

because the electrolysis of water in the electrolyte prevents the formation of an 
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ordered porous oxide layer.[15] In the present work, we develop a facile and scalable 

technique to anodically fabricate Co oxide porous thin-films (PTF) followed by 

reaction with phosphorus vapor to convert the oxides to Co-phosphide/phosphate 

without the collapse of the ordered porous structure. The underlying concept in 

forming Co-phosphide/phosphate is to design a catalyst that combines both efficient 

HER and OER activities in the same materials. We demonstrate a superb HER 

activity of this porous Co-phosphide/phosphate thin-film (PCPTF) with high 

catalytic current, low onset overpotential and small Tafel slope in acidic electrolyte. 

We also illustrate a sufficient OER activity to generate O2 in basic electrolyte. The 

design demonstrated here opens up a new simple and scalable pathway to fabricate 

high-performance water electrolysis catalysts with dual functionality. 

4.4.2. Experiments 

4.4.2.1. Materials Synthesis 

    Commercially available glass microscope slides (75 × 25 × 1 mm3, 9101-E, 

Premiere) were degreased by sonication (Cole Parmer, model 08849-00) in 

isopropanol (≥ 99.7%, Sigma-Aldrich) for 30 min before being used as substrates. 

The slides were further cleaned in a Fischione 1020 argon/oxygen plasma cleaner 

(600 W power) for 2 min. 10 nm Cr/40 nm Au layers were then sputtered on the 

surface of the insulating glass substrate as the conductive layer using a Denton Desk 

V Sputter System. Galvanostatic electrodeposition of metal Co layer on the substrate 

was then carried out in an aqueous plating solution composed of 0.05 M CoSO4 

(99%, Sigma-Aldrich) and 0.5 M H3BO3 (99.5%, Sigma-Aldrich) at 10 mA for 1 h. 
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Subsequent anodic treatments were performed at a constant voltage of 50 V for 1 h 

in a solution of 0.5 M NH4F (98%, Sigma-Aldrich) with 3 M deionized water in 

ethylene glycol/glycerol (99.5%, Sigma-Aldrich). The samples were rinsed with 

deionized water and dried under nitrogen gas flow. To convert the porous Co oxide 

to a porous Co-phosphide/Co-phosphate film, the reaction with phosphorous vapor 

was performed in a CVD apparatus. The Co oxide thin-film was placed in the middle 

of a standard 1-inch quartz tube furnace and heated to 300 ºC for 2 h, while 

NaH2PO2 (~ 2 g) in a porcelain boat as a phosphorous doping source was placed at 

the upstream side of the furnace and heated by an external heating source at 200 ºC. 

Ar (100 sccm) was used as a protective gas during the reaction and cooling process. 

4.4.2.2. Materials Characterization 

    Microscopic investigations were undertaken using a JEOL 6500F SEM and a JEOL 

2010 HRTEM. Chemical compositions of the thin-films were checked by XPS (PHI 

Quantera XPS, Physical Electronics, USA). An Al anode at 25 W was used as an X-ray 

source with a pass energy of 26.00 eV, 45° take off angle, and a 100 µm beam size. A 

pass energy of 140 eV was used for survey and 26 eV for atomic concentration. XPS 

depth profiles were acquired with a 3 keV Ar ion beam and alternative mode in a 

total etching time of 30 min with an interval of 5 min. 

4.4.2.3. Electrochemical Measurements 

    The PCPTF grown on glass slide substrates were used directly as working 

electrodes for the electrochemical measurements. The electrocatalytic HER 
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performance was tested in a H2-saturated 0.5 M H2SO4 electrolyte with a platinum 

foil and a K2SO4 saturated Hg/HgSO4 electrode (CHI) as the counter and reference 

electrodes, respectively, within a stationary three electrode set-up. The reference 

electrode is calibrated in H2 saturated electrolyte with respect to a reverse hydrogen 

electrode (RHE). Water electrolysis to generate H2 and O2 were tested in 1 M KOH 

with a platinum foil and a Hg/HgO electrode (CHI) as the counter and reference 

electrodes, respectively. LSV and CV were performed at scan rates of 5 mV s-1. All the 

electrochemical characterizations were carried out with an electrochemical 

analyzer (CHI 608D, CH Instruments, USA). 

4.4.3. Results and Discussion 

A typical fabrication procedure of a PCPTF is schematically shown in Figure 4.4-

1a along with the scanning electron microscope (SEM) characterization of the 

porous structure (Figure 4.4-1b-d, for experimental details see experimental 

section): (i) plasma-treated commercial glass slides (other substrates including 

silicon, stainless steel, and ceramic films can also be used) were used as substrates 

followed by (ii), sputtering a 10 nm layer of chromium followed by a 40 nm gold 

conducting layer and then (iii), a layer of metal Co electrodeposited by using CoSO4 

as the Co source. After that (iv), anodic treatment of the Co layer was performed 

potentiostatically to form the Co oxide PTF with an ~ 80 nm pore size. Finally, (v) 

the anodized Co oxide PTF was reacted with phosphorous vapor at 300 °C for 2 h in 

a chemical vapor deposition (CVD) apparatus to convert the Co oxide to the PCPTF 

without damaging its ordered porous structure (Figure 4.4-1b-c). Moreover, small 
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dendrites were found on the edges of the pores, which is common as a result of the 

thermal crystallization during annealing.[16] No significant change in porous 

morphology can be seen. The ~ 500 nm thick PCPTF (Figure 4.4-1d, equal to a 

loading mass ~ 0.1 mg cm-2) was then directly used as a catalyst for water 

electrolysis without adding any additional additives such as carbon and conductive 

polymers, therefore the fabrication process is simple, facile and low-cost.  

 

Figure 4.4-1 Schematic of the fabrication process and microscopic 

investigations of the porous Co-phosphide/Co-phosphate thin-film (PCPTF). 

(a) Schematic of the fabrication process starting with a glass, silicon, ceramic 

or stainless steel substrate. (b-c) SEM top-view images of the PCPTF. (d) SEM 

cross sectional image of the PCPTF. Number 1, 2 and 3 in (d) indicate glass 

substrate, sputtered Cr/Au layer, electrodeposited Co layer + the PCPTF, 

respectively. The scale bars in (b-d) denote 500 nm.  

(i) plasma treatment (ii) sputter Au/Cr (iii) electrodeposit Coa

(iv) anodization (v) react with phosphorus vapor

b c d

1

2

3
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The porous morphology of the PCPTF can be further studied by transmission 

electron microscopy (TEM) as shown in Figure 4.4-2a-b. A highly porous 

morphology with an average pore size of ~ 80 nm is maintained after the 

phosphorization reaction by CVD. Two sets of d spacings estimated from the lattice 

fringes are identified from the high resolution TEM (HRTEM, Figure 4.4-2c). A d 

spacing ~ 0.247 nm belongs to the Co-phosphide phase.[17] Another d spacing ~ 

0.296 nm is assigned to the Co-phosphate phase.[18] They successfully confirm the 

formation of mix-phased Co-phosphide/Co-phosphate. Further XPS depth profile 

analysis of the PCPTF was performed to identify the chemical distribution of mixed 

phases top-to-bottom (Figure 4.4-2d). It is not surprising that the Co-phosphate 

phase dominates the top layer of the porous film, because there are more 

possibilities for the top layer of the phosphorized films to become re-oxidized when 

they are exposed to the ambient environment. And the deeper into the interior of 

the PCPTF, the more Co-phosphide phase is in the mixed phases. Moreover, TEM 

elemental mapping performed on the PCPTF (Figure 4.4-2e-f) shows a uniform 

distribution of P, Co and O throughout the entire film. 

The PTF structure can be used as the electrode for efficient water electrolysis 

without the need for exogenous additives. To determine the amount of catalytically 

active sites in the PTF, the roughness factor (RF, defined as the ratio of the 

electrochemically active surface area to the geometric surface area of the electrode) 

is calculated from the cyclic voltammetry (CV) curves. Indeed, the RF dramatically 

increases from 6 (compact film) to 95 (porous film) after the anodization.  
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Figure 4.4-2 Microscopic morphology and chemical composition of the PCPTF. 

(a-b) TEM top-view images of the PCPTF. (c) High resolution TEM (HRTEM) 

image of the PCPTF showing the two different d spacings fir the Co-phosphide 

and Co-phosphate. (d) X-ray photoelectron spectroscopy (XPS) depth profile of 

the PCPTF. (e-f) TEM elemental mapping of the PCPTF. The scale bars in (f) 

denote 500 nm. 
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The water electrolysis activity of the PCPTF is firstly confirmed by HER activity in 

both H2-saturated acid (0.5 M H2SO4) and base (1 M KOH) electrolytes as shown in 

Figure 4.4-3. As determined from linear sweep voltammetry (LSV, Figure 4.4-3a) 

the HER onset overpotential (ηonset) of the PCPTF is estimated to be ~ 35 mV and the 

maximum iR-corrected kinetic current density (jgeo) normalized to the geometric 

area can reach 30 mA cm-2 at an overpotential of 175 mV. The corresponding Tafel 

slope of the PCPTF converted from LSV is ~ 53 mV decade-1 (Figure 4.4-3b), which 

indicates that the Volmer reaction (a process to convert protons into adsorbed 

hydrogen atoms) is the rate-determining step in the HER mechanism.[19] The 

sufficiently low ηonset and Tafel slope indicate a much better HER activity than the 

most state-of-the-art HER catalysts and it is even competitive with commercial Pt 

catalysts (for detailed comparison, see Table 4.4-1). In contrast, without porous 

morphology, the Co-phosphide/phosphate compact film shows lower HER activity, 

i.e. high ηonset as well as Tafel slope and low jgeo, compared to the PCPTF. Likewise, 

the Au substrate has poor HER activity and negligible contribution to the catalytic 

performance of the PCPTF. Durability testing was then performed on the PCPTF 

galvanostatically at 10 mA cm-2 for 50k second (Figure 4.4-3c). The HER catalytic 

activity for the PCPTF is stable over long-term testing. The slight decay observed in 

the initial 2 min is from the reduced active surface caused by the physical 

adsorption of the generated H2 bubbles on the electrode surface. Furthermore, the 

activity of the PCPTF was then investigated under alkaline condition (Figure 4.4-3d). 

To reach jgeo of 30 mA cm-2, an overpotential of 430 mV is required, which is 

comparable to some state-of-the-art catalysts.[20] Similar to the acid solution testing, 



 

176 
 

the PCPTF shows improved HER activity compared to the compact film through 

lower ηonset and higher jgeo. Overall, the PCPTF shows efficient HER activity in both 

acidic and alkaline solutions. 

Table 4.4-1 HER activities of the PCPTF and reported catalysts 
 

Catalysts ηonset 
(mV) 

Tafel slope 
(mV decade-

1) 

jgeo (mA cm-2) Loading 
mass (mg 

cm-2) 

PCPTF 35 53 30 at η = 175 
mV 

0.1 

CoP 
nanoparticles[6] 

--- 50 20 at η = 85 mV 2 

CoP nanowires[7] 38 51 20 at η = 100 
mV 

0.92 

Co0.6Mo1.4N2[8] > 70 --- 10 at η = 200 
mV 

0.24 

Co/CNTs[9] 140 69 10 at η = 260 
mV 

0.28 

CoP/CNT[10] 40 54 10 at η = 122 
mV 

0.285 

MoP[11] > 80 50 10 at η = 117 m 1-3 

Ni2P[12] > 50 46 20 at η = 205 
mV 

1 

C3N4[13] > 150 52 10 at η = 240 m 0.1 
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Figure 4.4-3 Electrochemical hydrogen evolution reaction (HER) activity of the 

PCPTF. (a) iR-corrected sweep voltammetry (LSV) curves measured at 5 mV s-1 

in 0.5 M H2SO4 aqueous solution and (b) the corresponding Tafel slopes. (c) 

50,000 seconds durability test in 0.5 M H2SO4 aqueous solution. (d) iR-

corrected LSV curves tested in base solution (1 M KOH aqueous solution).  

Catalytic OER activity was examined through testing CV curves and the 

corresponding Tafel plots in O2-saturated 1 M KOH aqueous solution. The 

representative iR-corrected CVs and Tafel plots were performed at a scan rate of 5 

mV s-1 and are shown in Figure 4.4-4a-b. The PCPTF ηonset for OER is observed to be 

~ 220 mV (1.45 V vs. RHE) and jgeo can reach 30 mA cm-2 at an overpotential of 330 

mV. Compared to both the compact film and Au substrate, the significantly reduced 

ηonset and enhanced jgeo observed in the PCPTF indicate greatly increased 
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catalytically active sites in the porous films. Further insights into the OER 

mechanism and possible reaction pathways are accessible through analyzing Tafel 

plots. Different Tafel slopes were identified from the PCPTF (65 mV decade-1), 

compact film (71 mV decade-1), Au substrate (165 mV decade-1) and RuO2 (120 mV 

decade-1), which indicate different rate determining steps within a given pathway.[21] 

A typical O2 electrocatalytic generation is initialized by OH- electrosorption on the 

electrode surface. An efficient catalyst with high OER activity should have a high 

affinity for adsorbed OH- intermediates. If the formation and equilibrium coverage 

of OH- intermediates are achieved quickly, the following steps to generate O2 will 

become rate determining steps, which results in a lower Tafel slope.[22] Hence, the 

reduced Tafel slope in the PCPTF implies an efficient OER activity that is even better 

than one of the best commercial OER catalysts based on RuO2. Concerning the low 

ηonset, high jgeo and small Tafel slope, the catalytic activity of PCPTF is superior to the 

state-of-the-art OER catalysts (for detailed comparison, see Table 4.4-2). Also, a 

durability test was performed on the PCPTF galvanostatically at 10 mA cm-2 for 50k 

second (Figure 4.4-4c). The OER catalytic activity for the PCPTF is very stable with a 

slight initial decay due to the physical adsorption of the generated O2 bubbles on the 

electrode surface. Finally, a preliminary investigation on the PCPTF for H2 and O2 

generation from water electrolysis in a single electrolyzer is also illustrated here 

(Figure 4.4-4d). Although Pt and RuO2 are well-recognized as among the most 

efficient catalysts to generate H2 and O2, respectively, they cannot perform any 

bifunctional activity due to the detrimental catalyst deactivation caused by either 

oxidation of Pt or reduction of RuO2. Remarkably, PCPTF can deliver both efficient 
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HER and OER activity in a single electrolyzer. The mixed phases of Co-phosphide 

and Co-phosphate in the PCPTF work for H2 and O2 generation catalysis during 

cathodic and anodic sweeps, respectively. And the highly porous morphology 

enhances the HER/OER activities by affording abundant sites in an extremely low 

loading mass. 

Table 4.4-2 OER activities of the PCPTF and reported catalysts 
 

Catalysts ηonset 
(mV) 

Tafel slope 
(mV 

decade-1) 

jgeo (mA cm-2) Loading 
mass (mg 

cm-2) 

PCPTF 220 65 30 at 330 mV 0.1 

Co phosphate[14] 250 --- 50 at 400 mV --- 

Cobalt phosphate[15] 350 56 25 at 720 mV 0.8 

LiCoO2[16] 320 52 50 at 390 mV 0.25 

MnxCo3−xO4−δ[17] 320 85 10 at 350 mV --- 

Ni30Fe7Co20Ce43Ox[18] 270 70 10 at 410 mV --- 

CoMn LDH[19] 275 43 25 at 340 mV 0.142 

Au@Co3O4[20] 300 60 25 at 500 mV 0.2 

NixCo3-xO4[21] > 300 64 30 at 430 mV 2.3 
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Figure 4.4-4 Electrochemical oxygen evolution reaction (OER) activity of the 

PCPTF. (a) iR-corrected LSV curves measured at 5 mV s-1 in 1 M KOH aqueous 

solution and (b) the corresponding Tafel slopes. (c) 50,000 seconds durability 

test in 1 M KOH aqueous solution. (d) Bifunctional water electrolysis tested by 

CV in 1 M KOH aqueous solution. 

4.4.4. Conclusions 

In summary, a mixed-phased porous thin-film of Co-phosphide/Co-phosphate 

was directly fabricated through reaction of phosphorus vapor with anodized Co 

oxide porous films. The porous films can directly work as electrodes for catalytic H2 

and O2 evolution reactions and they show superior activity to the state-of-the-art 

catalysts. The mixed phases in such porous films give a dual ability to deliver both 
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efficient H2 and O2 generation in a single electrolyzer through an alternating 

sequence. Thus, with alternating current inputs renewable energy device platforms 

that are wind or solar based could be used to generate both H2 and O2 as a fuel 

source. 
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Chapter 5 

Atomic Cobalt on Nitrogen Doped 

Graphene for Hydrogen Evolution 

This chapter was mostly copied from reference 44.  

5.1. Introduction 

Electrochemical reduction of water through the hydrogen evolution reaction 

(HER) is a clean and sustainable approach to generate molecular hydrogen (H2), 

which has been proposed as a future energy carrier1,2. Catalysts are needed to 

improve HER efficiency by minimizing reaction kinetic barriers, which manifest 

themselves as overpotentials (η). Though platinum (Pt) is the most active HER 

catalyst, its scarcity and high cost limit its widespread use. Thus, the transition to a 

hydrogen economy calls for alternative electrocatalysts based on earth-abundant 

elements, such as non-precious metal oxides3,4, sulfides5, phosphides6,7, carbides8 



  
 

185 
 

and borides9. In spite of their low η for HER, the active sites of these inorganic-solid 

catalysts, like other heterogeneous catalysts, are sparsely distributed at selective 

sites (i.e. surface sites or edges sites)10,11. In order to expose more active sites, these 

catalysts are generally downsized into nanoparticulate form and stabilized onto 

certain substrates12,13. Graphene is such a substrate that has a large specific surface 

area (high catalyst loading), good stability (tolerance to harsh operational 

conditions) as well as a high electrical conductivity (facilitated electron transfer) 

and therefore has been widely used to disperse nanoparticles for advanced 

electrocatalysis14-16. 

The dispersing ability of graphene is, however, far from being fulfilled unless 

single atom catalysis (SAC) is achieved. SAC represents the lowest size limit to 

obtain full atom utility in a catalyst and has recently emerged as a new research 

frontier17. Although an increasing number of SAC systems have been reported, most 

have been focusing on supporting noble metal atoms (e.g. Pt, Au, Pd) on metal oxide 

or metal surfaces with a limited number of applications demonstrated18-23. Wide 

employment of SAC is hampered mainly due to the lack of readily available synthetic 

approaches originated from the aggregation tendency of single atoms. Here, we 

report an inexpensive, concise and scalable method to disperse the earth-abundant 

metal, cobalt, onto nitrogen-doped graphene (denoted as Co-NG) by simply heat-

treating graphene oxide (GO) and small amounts of cobalt salts in a gaseous NH3 

atmosphere. These small amounts of cobalt atoms, coordinated to nitrogen atoms 
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on the graphene, can work as extraordinary catalysts towards HER in both acidic 

and basic water.  

5.2. Experiments 

5.2.1. Materials Synthesis 

    An aqueous suspension of GO (2 mg mL-1) was first prepared by adding 100 mg 

GO into 50 mL DI water and sonicating (Cole Parmer, model 08849–00) for 2 h. 1 

mL CoCl2•6H2O (3 mg mL-1) aqueous solution was added into the GO suspension 

and sonicated for another 10 min. This precursor solution was freeze-dried for at 

least 24 h to produce a brownish powder. The dried sample was then placed in the 

center of a standard 1-inch quartz tube furnace. After pumping and purging the 

system with Ar three times, the temperature was ramped at 20 ºC min-1 up to 750 ºC 

with the feeding of Ar (150 sccm) and NH3 (50 sccm) at ambient pressure. The 

reaction was allowed to proceed for 1 h and the final product Co-NG with a blackish 

color was obtained after the furnace was permitted to cool to room temperature 

under Ar protection. The control sample of Co-G was prepared with the same 

treatment except NH3 was not introduced during the annealing process. The control 

sample of NG was prepared with the same treatment except that the CoCl2•6H2O 

was not added into the precursor solution. The Co-NG paper was fabricated by first 

filtering a 25 mL precursor solution (2 mg mL-1 GO and 0.06 mg mL-1 CoCl2•6H2O) 

through a 0.22 μm polytetrafluoroethylene membrane (Whatman). After peeling off 
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the paper from the membrane, the cobalt-containing GO paper was annealed at 750 

ºC for 1 h under Ar (150 sccm) and NH3 (50 sccm) atmosphere in a tube furnace.   

5.2.2. Materials Characterization 

    A JEOL 6500F SEM was used to examine the sample morphology. A JEOL 2100 

field emission gun TEM was used to observe the morphologic and structural 

characteristics of the samples. Aberration-corrected scanning TEM images were 

taken using an 80 KeV JEOL ARM200F equipped with a spherical aberration 

corrector. Chemical compositions and elemental oxidation states of the samples 

were investigated by XPS spectra with a base pressure of 5 × 10-9 Torr. The survey 

spectra were recorded in a 0.5 eV step size with a pass energy of 140 eV. Detailed 

scans were recorded in 0.1 eV step sizes with a pass energy of 140 eV. The elemental 

spectra were all corrected with respect to C1s peaks at 284.8 eV. Cobalt quantitative 

analysis was carried using a PerkinElmer Optima 4300 DV ICP-OES. The Co K-edge 

EXAFS spectra were acquired at beamline 1W2B of the Beijing Synchrotron 

Radiation Facility (BSRF) in fluorescence mode using a fixed-exit Si(111) double 

crystal monochromator. The incident X-ray beam was monitored by an ionization 

chamber filled with N2, and the X-ray fluorescence detection was performed using a 

Lytle-type detector filled with Ar. The EXAFS raw data were then background-

subtracted, normalized and Fourier transformed by the standard procedures with 

the IFEFFIT package43.  
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5.2.3. Electrochemical Measurements 

    The electrochemical measurements were carried out in a three-electrode set-up using a 

CHI 608D workstation (US version). To prepare the working electrode, 4 mg of the 

catalyst and 80 μL of 5 wt% Nafion solution were dispersed in 1 mL of 4: 1 v/v 

water/ethanol with 1 to 2 h bath-sonication (Cole Parmer, model 08849–00) to form a 

homogeneous suspension. 5 μL of the catalyst suspension was loaded onto a 3 mm-

diameter glassy carbon electrode (mass loading ~0.285 mg cm-2). For the counter 

electrode, a Pt wire was used. The reference electrode was Hg/HgSO4,K2SO4(sat) for 

measurements in 0.5 M H2SO4, and Hg/HgO,NaOH (1 M) for measurements in 1 M 

NaOH. Both of these two reference electrodes were calibrated against a reversible 

hydrogen electrode (RHE) under the same testing conditions immediately before the 

catalytic characterizations. A scan rate of 2 mV s-1 was used in the cyclic voltammograms 

of the HER activity unless otherwise noted. The electrolyte solution was sparged with H2 

for 20 min before each test.   

5.3. Results and Discussion 

    To prepare the Co-NG catalyst, a precursor solution was first prepared by 

sonicating GO and cobalt salts (CoCl2•6H2O) (weight ratio GO: Co = 135: 1) in water. 

The well-mixed precursor solution, as depicted in Figure 5.3-1a, was then freeze-

dried to minimize re-stacking of the GO sheets. The Co-NG catalyst was finally 

obtained by heating the dried sample under a NH3 atmosphere to dope the GO with 

nitrogen. Control samples of nitrogen-doped graphene (NG) and Co-containing 
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graphene (Co-G, with no N doping) were also prepared. A detailed preparation 

procedure is described in the Methods section. The morphology of the Co-NG was 

examined by scanning electron microscopy (SEM); Figure 5.3-1b reveals that the Co-

NG has similar morphologic features to graphene with sheet-like structures. 

Transmission electron microscopy (TEM) (Figure 5.3-1c) shows Co-NG nanosheets 

with ripples observed on the surface. No cobalt-derived particles were found by 

SEM or TEM on the Co-NG nanosheets, underscoring the smallness in size of the Co. 

The Co-NG could be formed into a paper by filtration of Co-containing GO 

suspension and subsequent NH3 treatment (Figure 5.3-1d).  

 

Figure 5.3-1 Preparation and morphology characterizations. a, Schematic 

illustration of the synthetic procedure of the Co-NG catalyst. b, SEM image of 

50 nm50 nm

15 μm

a
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the Co-NG nanosheets. c, TEM image of the Co-NG nanosheets atop a lacey 

carbon TEM grid. d, SEM image showing the cross-section view of the Co-NG 

paper with thickness of 15 μm, prepared by filtration of Co-containing GO 

suspension followed by NH3-annealing. The inset shows the optical image of a 

2 × 1 cm2 Co-NG paper. 

    To probe the compositions of Co-NG, X-ray photoelectron spectroscopy (XPS) 

(Figure 5.3- 2a) showed the presence of C, N, and O peaks in the samples of Co-NG 

and NG, while the N peak was absent in Co-G. No significant signals were found at 

the Co region in the Co-NG. To determine the Co content, inductively coupled plasma 

optical emission spectrometry (ICP-OES) was performed after digesting the 

powdered sample in HNO3. By combined use of XPS and ICP-OES, the Co-NG was 

determined to be 0.57 at% Co, 8.5 at% N, 2.9 at% O and 88.2 at% C, as summarized 

in Figure 5.3-2b. The Co content in NG with no intentional addition of Co is 

negligible (< 0.005 at% by ICP-OES). The XPS detailed scan in the Co region (Figure 

5.3-2c) of Co-NG shows two peaks at a binding energy of 781.1 eV and 796.2 eV, 

corresponding to the 2p3/2 and 2p1/2 levels, respectively. The peak positions and the 

separation of 15.1 eV between these two peaks indicates the presence of Co(III)24. 

The N 1s (Figure 5.3-2d) can be deconvoluted into different types of nitrogen25,26, 

namely pyridinic and N-Co (398.4 eV), pyrrolic (399.8 eV), graphitic (401.2 eV), and 

N-oxide (402.8). The small difference in the binding energies between pyridinic N 

and N-Co prevents further deconvolution27. From the peak intensity, the N was 

dominated by the pyridinic/N-Co species. The EDS line scan in Figure 5.3-2e reveals 

the close-proximity distributions of the Co and N elements.  
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Figure 5.3-2 Compositional characterizations on the Co-NG. a, XPS survey 

spectra of the Co-NG, NG and Co-G. b, Chart showing the percentages of cobalt, 

nitrogen, oxygen and carbon in the Co-NG measured by XPS and ICP-OES. c,d, 

High-resolution XPS Co 2p and N 1s spectra, respectively. e, STEM image of the 

Co-NG nanosheet. Inset is the EDS elemental line scan from A to B showing the 

presence of C, N and Co elements.  

To investigate the atomic structure of the Co-NG nanosheet, we used high-angle 

annular dark field (HAADF) imaging in an aberration-corrected STEM. The bright-

field STEM image (Figure 5.3-6a) shows the defective structures of the GO-derived 
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graphitic carbon. The corresponding HAADF image (Figure 5.3-6b) clearly shows 

that several bright dots, corresponding to heavy atoms (Co in this case), are well 

dispersed in the carbon matrix. The size of these dots is in the range of 2 Å to 3 Å, 

indicating that each bright dot corresponds to one individual Co atom. The enlarged 

view of the selected region (Figure 5.3-6c) reveals that each Co atom is centered by 

the light elements (C, N, and/or O). To probe the possible bonding between the 

cobalt and the light elements in the Co-NG, we performed extended X-ray absorption 

fine structure (EXAFS) analysis at the Co K-edge, using both a wavelet transform 

(WT) and Fourier transform (FT). WT-EXAFS analysis is a powerful method for 

separating backscattering atoms that provides not only a radial distance resolution, 

but also resolution in the k-space28. The discrimination of atoms can be identified 

even when these atoms overlap substantially in R-space. The k2-weighted χ(k) 

signals (Figure 5.3-6d) and the corresponding FTs (Figure 5.3-6e) of the Co-NG and 

Co-G samples show quite similar profiles, suggesting no substantial differences in 

the coordination environments of the Co atoms. The existence of only one single 

strong shell, which is usually characteristic of amorphous or poorly crystalline 

materials, at ~ 1.5 Å in R-space (Figure 5.3-6e) is indicative of a large structural 

disorder around Co sites, consistent with the abundant misplacement and voids 

observed in the aberration-corrected STEM images. Figure 5.3-6f shows the WT 

contour plots of the two signals based on Morlet wavelets (κ = 3, σ = 1) with 

optimum resolution at the first shell29. The intensity maximum A is well-resolved for 

the Co-NG (3.4 Å-1) and Co-G (3.2 Å-1). Since the locations of the WT maxima are 
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highly predictable, they allow qualitative interpretation of the scattering paths 

origins. The WT maximum is known to be affected by the path length R, Debye–

Waller factors σ2, energy shift ΔE and atomic number Z, and this corresponds to the 

same location of the maximum in the q-space magnitude30. For an isolated Co-C path 

(R = 2 Å), the WT maximum at 3.2 Å-1 in the q-space magnitude showed little 

dependence on R, σ2, and ΔE, but it is largely affected by different Z (3.5 Å-1 for Co-N 

path, 4.3 Å-1 for Co-O path, and 6.8 Å-1 for Co-Co path) (Figure 5.3-3).  

 

Figure 5.3-3 Comparison of the q-space magnitudes for FEFF-calculated, k2-

weighted EXAFS paths. (a) The effect of the path length R on the Co-C path 

(with σ2 and ΔE fixed at 0.003 Å2 and 0 eV, respectively). (b) The effect of the 

Debye–Waller factors σ2 on the Co-C path (with R and ΔE fixed at 2 Å and 0 eV, 

respectively). (c) The effect of the energy shift ΔE on the Co-C path (with R and 

σ2 fixed at 2 Å and 0.003 Å2, respectively). (d) The effect of atomic number Z 

(with R, σ2 and ΔE fixed at 2 Å, 0.003 Å2, and 0 eV, respectively). 
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As a result, by comparison, the WT maximum A at 3.2 Å-1 for the Co-G can be 

associated with the Co-C path, and 3.4 Å-1 with the Co-N path within the Co-NG. A 

small difference of ~ 0.1 Å-1 between the maxima A for the Co-NG (3.4 Å-1) and the 

calculated Co-N path (3.5 Å-1) might arise from the much shorter length of the actual 

Co-N path than 2 Å. The maximum feature B at 9.0 Å-1 might result from the effect of 

side lobes and the multiple scattering paths between the light atoms, instead of from 

the Co-Co path which exhibits a maximum at 6.8 Å-1. The validity of the above WT-

EXAFS interpretation was confirmed by a least-squares curve fitting analysis carried 

out for the first coordination shell of Co (Figure 5.3-4 and Figure 5.3-5).  

 

Figure 5.3-4 The reduced χ2 (red column) and R-factor (blue column) for the 

five structural models (the pure Co-C path, a mixture of Co-C and Co-N paths, 

pure Co-N path, a mixture of Co-N and Co-O paths, and pure Co-O path) used to 

describe the local structure of the Co-NG. 
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Figure 5.3-5 Comparison between the experimental EXAFS spectrum of Co-NG 

and the best-fit result using the mixed model in (a) k and (b) R spaces. 
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Figure 5.3-6 Structural characterizations on the Co-NG. a, Bright-field 

aberration-corrected STEM image of the Co-NG showing the defective and 

disordered graphitic carbon structures. b, HAADF-STEM image of the Co-NG, 

showing many Co atoms well-dispersed in the carbon matrix. c, The enlarged 

view of the selected area in (b). d,e, The k2-weighted EXAFS in k-space and 

their Fourier transforms in R space for the Co-NG and Co-G, respectively. f, 

Wavelet transforms for the Co-NG and Co-G. The location of the maximum A 

shifts from 3.2 Å-1 for Co-G to 3.4 Å-1 for Co-NG, indicating the presence of Co-N 

bonding in Co-NG. The vertical dashed lines are provided to guide the eye.  
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Taken together, the data indicate that in the Co-NG the Co is atomically dispersed 

in the nitrogen-doped graphene matrix and it is in the ionic state with nitrogen 

atoms in the cobalt’s first coordination sphere. Hence, nitrogen doping of the 

graphene provides sites for Co incorporation.  

The HER catalytic activity of the Co-NG was evaluated using a standard three-

electrode electrochemical cell. The catalyst mass loading on a glassy carbon 

electrode was 285 μg cm-2. Figure 5.3-7a shows the linear-sweep voltammograms 

(LSV) at a scan rate of 2 mV s-1 in 0.5 M H2SO4 after iR-compensation for the Co-NG 

electrode along with the two control samples of NG and Co-G. The commercial Pt/C 

(20 wt% platinum on Vulcan carbon black, Alfa Aesar) with the same mass loading 

was also included as a reference point. As expected, the Pt/C exhibits superior HER 

catalytic activity with a near zero onset η. The Co-NG catalyst shows excellent HER 

activity, as evidenced by the very small onset η of ~30 mV (inset in Figure 5.3-7a), 

beyond which the current density increases sharply. The onset η is defined here as 

the potential at a current density of – 0.3 mA cm-2, which is chosen to match the 

onset η determined by the Tafel plot (shown later). The η needed to deliver 1 mA 

cm-2 and 10 mA cm-2 were determined to be ~70 mV and ~147 mV, respectively. 

The Faradaic efficiency of the Co-NG catalyst was determined to be ~ 100% by gas 

chromatography (Figure 5.3-7b), confirming the cathode current is due to the 

generation of H2. It should be noted that these η values are much smaller than those 

of Co-based molecular complexes31-33, and further suggest that the Co-NG system is 

one of the best solid-state earth-abundant catalysts, including MoS215,34, WS235, 
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CoP36, and MoP37. As control samples, the NG and Co-G show poor activity towards 

HER with onset η larger than 200 mV, indicating that the active sites in Co-NG are 

associated with the Co and N. Tafel analysis (Figure 5.3-7c) gives Tafel slope values 

of 31, 82, 117 and 144 mV decade-1 for Pt/C, Co-NG, NG and Co-G, respectively. 

Notably, the Tafel plot for the Co-NG catalyst becomes linear at low η of ~30 mV.   

 

Figure 5.3-7 HER activity characterizations. a, LSV 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 LSV for the Co-NG near the onset region. b, Plot showing the molar number 

of H2 produced as a function of time. The straight line represents the 

theoretically calculated amounts of H2 assuming 100% Faradaic efficiency, 

and the scattered dots represent the produced H2 measured by gas 

chromatography. The overlapping of these two sets of data indicates that 

nearly all the current is due to H2 evolution. c, Tafel plots of the polarization 
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curves in (a). d, TOF values of the Co-NG catalyst (black line) along with TOF 

values for other recently reports catalysts. 

When tested in alkaline media (1 M NaOH), the Co-NG catalyst also exhibits 

improved activity compared to the NG and Co-G (Figure 5.3-8). This distinguishes 

the Co-NG catalyst from the MoS2 and some metal phosphide (e.g. Ni2P) catalysts, 

which are highly active in acid, but are unstable in base and thus their application in 

alkaline electrolysis is limited2,7. More interestingly, as the precursor suspension of 

GO containing small amounts of Co is highly stable, it can be formed into a paper 

(Figure 5.3-1d), which can work as a free-standing electrode for H2 generation 

(Movie S1). Alternatively, the precursor solution can be readily coated onto a 

conductive substrate (Figure 5.3-9) that can be used as a binder-free electrode 

(Figure 5.3-10) after post-annealing in NH3. The straightforward and convenient 

synthetic approach to achieve the Co-NG catalyst adds versatility in the design and 

construction of electrodes and thus enables easy integration of the catalytic layer 

with other components in electrochemical devices. 
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Figure 5.3-8 Polarization curves of NG, Co-G, Co-NG and Pt/C in 1 M NaOH 

electrolyte at a scan rate of 2 mV s-1. 

 

Figure 5.3-9 SEM images of the Co-NG flakes on CFP. 
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Figure 5.3-10 (a) CV curves (0.5 M H2SO4, scan rate 50 mV s-1, not iR-corrected) 

of Co-NG on CFP electrode and NG on CFP electrode. Mass loading is ~40 μg cm-

2. The inset shows the enlarged view near the onset region. (b) The current 

density versus time response at a constant η of 300 mV. The inset is the 

photograph of the Co-NG on the CFP electrode and shows that the surface is 

covered with H2 bubbles after 30 s.   

To investigate the effects of Co content on the catalytic activity, Co-NG catalysts 

with different Co content (from 0.03 at% to 1.23 at%, Table 5.3-1) were prepared 

and their HER activity were evaluated by LSV. The results (Figure 5.3-11) show that 

HER activity does not increase linearly with the Co content, but instead there is a 

saturation point for Co content, beyond which the HER activity starts to decrease. 

This trend might be due to excess Co content; the extra Co atoms would not be able 

to be incorporated into the C-N lattices in graphene. Instead, the excessive Co would 

form Co-containing particles or clusters, such as cobalt oxide, as evidenced by the 

much higher oxygen content in the Co-NG sample with the highest Co content (Table 

5.3-1). The influence of nitrogen doping temperature on HER activity was also 

studied. The results (Figure 5.3-12) show that doping temperature above 550 ºC is 
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necessary to observe appreciably improved HER activity, which implies that the 

high temperature was necessary to induce Co-N interaction and thus to create Co-N 

active sites. The optimized doping temperature was 750 ºC with the highest N 

doping level (Table 5.3-2 and Figure 5.3-13). These optimizations further suggest 

that the HER active sites involve the coupling effects between Co and N.  

Table 5.3-1 Elemental compositions of the samples with different Co contents 
prepared by varying the volume of CoCl2 solution added into the GO precursor 
solution.  
 

Sample CoCl2 (μL) Co (wt%) Co (at%) C (at%) N (at%) O (at%) 

NG 0 0.0171 <0.005 89.2 7.1 3.7 

Co-NG1 50 0.1356 0.03 88.9 6.5 4.5 
Co-NG2 150 0.4413 0.09 87.6 7.2 4.8 
Co-NG3 500 1.3238 0.29 87.1 8.0 4.7 
Co-NG4 1000  2.4806 0.57 88.1 8.5 2.9 

Co-NG5 2000 4.9032 1.23 81.3 7.4 10.1 

 

 

Figure 5.3-11 (a) LSV polarization curves for the catalysts with different Co 

contents shown in Table 5.3-1. (b) The η@10 mA cm-2 for the catalysts with 

different Co contents shown in Table 5.3-1. The error bars arise from standard 

deviations obtained from multiple electrodes on multiple samples.      
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Figure 5.3-12 (a) LSV polarization curves for the catalysts annealed at 

different temperatures. (b) The η@10 mA cm-2 for the catalysts annealed at 

different temperatures. 

Table 5.3-2 Elemental compositions of the samples annealed at different 
temperatures.     
 

Temperature (ºC) C (at%) N (at%) O (at%) 

350 82.6 3.1 14.3 

450 84.9 5.3 9.8 
550 85.8 7.0 7.2 
650 88.1 7.9 4.0 
750 88.6 8.5 2.9 

850 92.3 4.3 3.4 
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Figure 5.3-13 The deconvoluted N1s XPS of Co-NG annealed at (a) 350 ºC, (b) 

450 ºC, (c) 550 ºC, (d) 650 ºC and (e) 850 ºC. The N1s was deconvoluted into 

four types: pyridinic/N-Co (398.4 eV), pyrrolic (399.8 eV), graphitic (401.2 

eV), and N-oxide (402.8). (f) Relationship between the percentages of the 

different N species and the annealing temperatures.   
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The most important figure of merit to evaluate in the intrinsic activity of a catalyst 

is its turnover frequency (TOF), which gives its activity on a per-site basis. To 

quantify the number of active sites in Co-NG, each Co center is considered to account 

for one active site. The contribution from the C-N matrix can be ignored as the 

exchange current density (i0), determined from the Tafel plot by an extrapolation 

method, for the NG (8.34×10-7 A cm-2) is much smaller than that of the Co-NG 

(1.25×10-4 A cm-2). Figure 5.3-7d shows the TOF values for the Co-NG catalyst 

against applied η together with those of eight recently reported non-precious-metal 

HER catalyst at specific η, including UHV-deposited MoS2 nanocrystals on a Au 

substrate10, [Mo3S13]2- nanoclusters supported on graphite paper38, amorphous 

MoS339, Ni-Mo nanopowders40, Ni2P7, CoP36, MoP41 and MoP|S nanoparticles41.  

At η of 50 mV, 100 mV, 150 mV and 200 mV, the TOF values of the Co-NG are 

0.022 H2 s-1, 0.101 H2 s-1, 0.386 H2 s-1 and 1.189 H2 s-1, respectively. These values 

reveal that the Co-NG is higher than or similar in activity to other reported catalysts, 

apart from the UHV-deposited MoS2 nanocrystals and the [Mo3S13]2- nanoclusters. 

The TOF value of the Co-NG at thermodynamic potential (0 V vs RHE) was also 

calculated using the exchange current density, which gives a TOF value of 0.0054 H2 

s-1. This value is approximately three times smaller than that (0.0164 H2 s-1) of the 

UHV-deposited MoS2 nanocrystals (the benchmark catalyst on MoS2). However, it 

should be noted that unlike the active site selectivity on the edge sites for MoS2 and 

on the surface sites for nanoparticulate catalysts including the amorphous MoS3, Ni-

Mo nanopowders, Ni2P, CoP, MoP and MoP|S, each Co center in our Co-NG is 
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presumably catalytically active. To estimate the active site density (sites per cm2), 

the electrochemically active surface areas (ECSA) were measured, which yields an 

active site density of ~9.7 × 1013 sites cm-2. For comparison, Pt(111) has an active 

site density10 of 1.5 × 1015 sites cm-2.   

To evaluate the stability of the Co-NG catalyst, accelerated degradation studies 

were performed in both acid and base. As shown in Figure 5.3-14a, the cathodic 

polarization curves obtained after 1000 continuous cyclic voltammograms (scan 

rate: 50 mV s-1) shows a negligible decrease in current density compared to the 

initial curve, indicating the excellent stability of Co-NG in both the acid and base. In 

addition to the cycling tests, galvanostatic measurements at a current density of 10 

mA cm-2 were performed and the results (Figure 5.3-14b) show that after 10 h of 

continuous operation the η increased by 35 mV in acid and 17 mV in base, which 

might be associated with the desorption of some catalysts from the glassy carbon 

substrate during operation. The excellent stability of the Co-NG with active sites at 

the atomic scale can be attributed to the high-temperature-induced strong 

coordination between the Co and N.  
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Figure 5.3-14 HER stability tests. a, Accelerated stability measurements by 

recording the polarization curves for the Co-NG catalyst before and after 1000 

cyclic voltammograms at a scan rate of 50 mV s-1 under acidic (black curves) 

and basic conditions (red curves). b, Plot of η versus t for the Co-NG catalyst at 

a constant cathodic current density of 10 mA cm-2 under acidic and basic 

conditions.   

5.4. Conclusions 

    In conclusion, nitrogen-doped graphene, with negligible intrinsic H2-evolving 

activity, when incorporated with very small amounts of Co as individual atoms can 

function as a highly active and robust HER catalyst in both acid and base media. This 

catalyst represents the first example of single-atom catalysis achieved in inorganic 

solid-state catalysts for HER. This excellent catalytic performance, maximal 

efficiency of atomic utility, scalability and low-cost for the preparation makes this 

catalyst a promising candidate to replace Pt for water splitting applications. In 

addition, the approach demonstrated in this work in obtaining individual metal 
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atoms that are supported on graphene may be a harbinger for broad applicability of 

this methodology for other atomic-scale catalytic systems. 
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