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Abstract  

In pursuit of solving the foreseeable depletion of fossil energies and environmental pollution 

caused by combustion of them, great efforts have been devoted to exploring renewable and clean 

energies, like the solar energy, nuclear energy, and geothermal energy, etc. as well as the technologies 

in converting these new energies into the form of usable electricity. In this regard, (rechargeable) 

zinc-air batteries and fuel cells have demonstrated promising potentials due to their large output 

energy density, power density and more importantly, their environmental compatibility. To consume 

oxygen molecules at cathode, these devices suffer greatly from the large overpotential and sluggish 

kinetics from the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). Platinum, 

iridium and other noble metal-based electrocatalysts (NMCs) are conventionally used at the cathode 

of zinc-air batteries and fuel cells. However, the NMCs are subjected to high cost and insufficient 

durability. Thus, substituting the NMCs with other earth-abundant elements is currently imperative 

for the large-scale commercialization of the zinc-air batteries and fuel cells. 

Within this framework, this thesis attempts to utilize graphene as the building blocks to couple 

with other active elements, e.g. transition metal ions and nitrogen doped disordered carbon to 

fabricate advanced electrocatalysts for OER and ORR. A series of synthesizing methods have been 

developed to synthesize the graphene-based nanocomposites, including room-temperature 

coordination adsorption, hydrothermal treatment, and high-temperature calcination, etc. The physical 

features of the resultant nanocomposites have been thoroughly investigated by using XRD, SEM, and 

TEM. Meanwhile, their electrochemical performances were explored in terms of the potential-current 

response and the corresponding working durability. Besides, the associated origin of their intrinsic 

activity has been investigated and discussed.  

Molecular Ni–/Co–porphyrin multilayers were spontaneously adsorbed on the surface of 

graphene sheets layer-by-layer via non-covalent forces such as Van der Waals’ force and π-π 

interactions. It was observed that the electrochemical performance of the nanocomposite could be 

tuned by controlling the number of the Ni–/Co–porphyrin layers on the surface of graphene. This is 

ascribed to the counterbalance between the steric hindrance and the content of the active species. Such 



II 
 

research work manifested the controllability of the OER/ORR performance at the molecular level and 

revealed the essential influence between the content of the active sites and the steric hindrance caused 

by their spatial accommodation. 

To implement a low-cost and scalable synthesis strategy, carbon black NPs and amorphous CoBi 

nanoplates were assembled with graphene to build a sandwich-like nanocomposite by use of 

amphipathicity of graphene oxide. The obtained sandwich-like nanocomposite exhibited excellent 

ORR/OER performance, which was comparable to the state-of-the-art materials. The performance 

enhancement towards ORR was assigned to the enlarged accessible active surface area of the 

nanocomposite catalyst. Without changing the chemical composition of the active species, this work 

highlighted the significance of the rational design of the geometrical configuration by means of the 

non-covalent force in an electrocatalyst. The resultant nanocomposite was further assembled in a 

rechargeable zinc-air battery to demonstrate its practicability. 

The lack of the high-efficiency and noble metal-free electrocatalyst in the acid media has been an 

intractable problem for years. To address this issue, a disordered carbon layer impregnated with Co-N 

on the surface of graphene sheet was fabricated by pyrolysing the hydrothermal product of graphene 

oxide and cobalt gluconate. The resultant nanocomposite exhibited remarkable activity to ORR in 

both alkaline and acid media, which was due to the high dispersion of abundant active sites. Moreover, 

different active working sites in alkaline and acid condition for the obtained material were suggested. 

This inspired us to investigate different roles of the metal species in the ORR electrocatalysts.  

For the nitrogen-doped carbon materials, the pyridinic nitrogen doping is believed to possess the 

highest activity for ORR in alkaline environment. To verify that theory and further enhance the 

activity of the nitrogen-doped carbon materials, an ultrathin holey carbon layer coupled with graphene 

nanosheets was prepared. The edge enriched feature makes it easier to form pyridinic nitrogen during 

the nitrogen doping process. The obtained composite displayed the expected outstanding ORR 

performance in alkaline media and even surprisingly high activity in acid solution. The rationality of 

the design of this material was manifested by solving the commonly encountered insufficient charge 

transfer ability and stability of the holey graphene materials while preserving the high activity in the 

holey carbon sites. 
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In a nutshell, this thesis contributes to the exploration of the graphene-based OER/ORR 

electrocatalyst in the aspects of i) tuning the electrochemical activity of the transition metal based 

electrocatalyst at the molecular level; ii) isolating and highlighting the significance in geometrical 

configuration of the ORR electrocatalyst with respect to kinetic process; iii) suggesting and verifying 

the different active sites of the same electrocatalyst tested under different pH values; iv) selectively 

inducing the formation of the active pyridinic nitrogen species in the ultrathin holey carbon layer 

coupled on the surface of graphene nanosheet. 
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Chapter 1 Overview 

1.1 Thesis Outline 

The imperative need to substitute the noble metal-based electrocatalyts with the earth-abundant 

materials in the field of OER and ORR was highlighted in Chapter 2, the literature review part. In this 

thesis, we attempt to fully explore the potential of graphene to fabricate the active electrocatalysts for 

ORR and OER. Within this framework, graphene can either act as a two-dimensional conductive 

substrate to grow the active inorganic catalysts1, 2 or directly serves as the active catalyst itself after 

doping treatment3, 4. On one hand, various innovative and controllable approaches have been carried 

out to fabricate graphene-based electrocatalysts and optimize their electrochemical performance via 

strategies like layer-by-layer (LBL) technology; on the other hand, the intrinsic activities of the 

electrocatalysts have also been investigated with respect to the category of the active species and their 

spatial arrangements. Furthermore, in order to elucidate the practicability of the obtained catalyst, the 

rechargeable zinc-air battery was assembled and used to power LED lights. The main contents of each 

chapter are outlined below: 

In Chapter 3, the controllability over the electrocatalytic performance at the molecular level was 

discussed. Bound with the porphyrin molecules, the nickel ions and cobalt ions were periodically 

constructed on the surface of the graphene oxide nanosheets. The catalytic performance of the 

resultant composite was influenced by the number of the active sites and tuned by the thickness of the 

layers on the surface of the graphene nanosheets. The optimal performance was achieved when the 

amount of the active sites and the related steric hindrance was counterbalanced. The obtained catalyst, 

denoted as rGO/(Ni2+/THPP/Co2+/THPP)8, manifested great catalytic activity towards both OER and 

ORR.  The construction and controllability of the electrocatalyst at the molecular level will spur the 

rational design of other innovative electrocatalysts. 

Chapter 4 highlighted the importance of spatial configuration of the catalyst by constructing the 

hybrid carbon nanostructures through π-π interaction and Van der Waals force between graphene 
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oxide sheets and carbon black particles. With the consistent chemical status of the amorphous CoBi 

nanosheets on the graphene sheets as the active sites, the isolated role of the geometrical arrangement 

was highlighted in the aspect of performance enhancement. The whole synthesizing process was 

carried out at room temperature, without sophisticated heating process and involvement of any toxic 

organic solvents. The catalytic performance of the obtained materials was adjusted by tuning the mass 

ratio between graphene oxide and carbon black. To demonstrate the feasibility of this easily obtained 

catalyst, rechargeable zinc-air battery was assembled. Coincident with the remarkable bifunctional 

ORR and OER activities, the assembled rechargeable zinc-air batteries displayed excellent 

discharge/charge potentials and ultra-long working durability.  

The disordered carbon layer derived from the gluconate ions impregnated with active Co-N 

structures on the surface of the graphene sheets was introduced in Chapter 5. The atomic dispersion 

and isolated state of cobalt atoms were characterized by high-angle annular dark-field scanning 

transmission electron microscope image (HAADF-STEM). The resultant layered nanocomposite, with 

a thickness ~ 22 nm, displayed outstanding ORR performance in both alkaline and acid media with 

prominent stability. Contradictory role of the cobalt species in the process of oxygen reduction 

electrocatalysis was investigated and a preliminary conclusion was drawn that the active sites in the 

alkaline and acid media are different.  The cobalt center was proved to serve as the active center of 

ORR in the acid electrolyte, which, however, was attested to not directly participate into the catalytic 

process in the alkaline media. The high activity of the resultant nanocomposite was ascribed to the 

high-content of the active pyridinic nitrogen species whose formation was verified to be induced by 

the cobalt species. 

Besides serving as the growing substrate for transition metal materials, an ultrathin edge-

enriched nitrogen-doped carbon layer (around 4.2 nm) on the surface of graphene sheet was also 

prepared in Chapter 6. The edge-enriched feature stems from the evaporation of the hydrothermally-

formed zinc species during the high-temperature treatment. The obtained layered carbon composite 

exhibited excellent ORR performance in both alkaline and acid media, as well as great OER activity 

in the alkaline solution. The high activities to ORR and OER were ascribed to the ample existence of 

the defects and pyridinic nitrogen, attributing to the formation of the edges in the carbon layer. 
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Chapter 7 provides a conclusion of this thesis by pointing out the fundamental meaning of the 

research works introduced. Furthermore, a future perspective regarding the research orientation in the 

field of graphene-based OER/ORR electrocatalysts was formulated. 

 

 

 

Fig.1 Schematic illustration of the thesis structure as a “series of published and unpublished papers”. 
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Chapter 2. Literature review 

2.1 Introduction 

 

To free from the absolute dependence on the conventional energy sources and alleviate the daily 

severe environment pollutions, tremendous efforts have been put into find green energy sources and to 

convert them into usable electricity. Over the past decades, several technologies have been 

implemented (e.g. solar cell, nuclear power station, etc.) to supply the usable electricity from these 

sustainable sources. Nevertheless, due to the intrinsic intermittent and fluctuating nature of the 

renewable energy sources, there is a huge gap between demand and supply, which has severely 

hindered the practical application of these technologies.1 In this regard, the concomitant energy 

storage systems are desired to couple with these energy conversion technologies wherein the electrical 

energy surplus can be stored in a convenient and portable form, which can cover the demand when the 

electricity is temporarily required. 

Nowadays, regarded as a fruitful approach, sustainable water electrolysis has been intensively 

studied2. Coupled with the energy conversion and storage technologies, e.g. rechargeable lithium-ion 

batteries3 and ZABs 4, fuel cells 5, a solution to the energy crisis could be put forward, so-called 

"hydrogen economy" 6. For that, the essential half-reactions, oxygen reduction reaction (ORR) and 

oxygen evolution reaction (OER) in the rechargeable ZABs and fuel cells have been intensively 

investigated.  The efforts have been put into the in-depth understanding of the reaction mechanisms 

and the exploration of the low-cost and efficient electrocatalysts. Over the past decades, huge progress 

has been achieved- various possible reaction theories have been proposed based on the analysis of the 

experimental data and computational calculations7 and the improvement of the highly efficient earth-

abundant electrocatalysts has been immensely reported8.  

Ever since the first publication on its discovery, graphene has frequently appeared in the title of 

the published papers and almost became a versatile and magic material. Owing to its unique two-

dimensional carbon structure, it was predicted to possess many striking properties and revolutionary 

potentials in the material world.9 Indeed, graphene and graphene-based materials have manifested 
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prominent performance as the catalysts in the water cycle reactions, and some of them even could 

rival with the noble metal catalysts. Thus, a revolutionary advancement for the large-scale energy 

conversion and storage technologies is foreseeable by a further and in-depth research of the graphene-

based catalysts. 

Hence, a summary with respect to the current status of ZABs and fuel cells, and the research on 

their cathode reactions, ORR and OER, will be outlined in this chapter. Moreover, as the prevailing 

building block of the electrocatalysts, graphene will also be introduced in terms of its preparation 

methods, modification methods and major implementations in the field of electrochemistry. 

To begin with, a broad introduction will be provided regarding the basic configuration, 

classification and current situation of the ZABs and fuel cells. Afterwards, basic concepts about the 

ORR and OER will be outlined, including the proposed reaction mechanisms, reaction pathway, 

experimental techniques, and current research status of the catalyst. Key problems concerning the half 

reactions will be addressed, followed by the discussion of the outlook and future challenges. Last but 

not the least, the basic knowledge with respect to the properties of graphene and its application in the 

field of electrochemistry will be broadly discussed, sequentially the proposing strategies to boost its 

ORR/OER activities. 

2.2 Graphene and graphene oxide  

Graphene with unique two-dimensional structure has drawn extensive attention in the field of 

electrochemistry due to its high conductivity, large surface area, and high surface electron transfer 

rate.9 The perfect graphene sheet with sp2 carbon configuration is inert for most of the electrochemical 

reactions, which need further modification regarding the local chemical environment. Fortunately, the 

soft carbon backbone also endows it with possibilities for the feasible chemical modifications, 

through covalent or non-covalent approaches. Graphene oxide, the oxidizing product and the most 

commonly modified product of graphene, is easy to interact with other elements, such as metal ions 

over the abundant oxygen-containing groups formed during the oxidization process. The following 
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sections briefly introduce the preparation methods, chemical properties and main implementations in 

the field of electrochemistry.  

2.2.1 Preparation methods of graphene 

Over the past decades, quite a number of methods have been developed to synthesize graphene. 

Typically, they can be classified into two categories, the top-down method and the bottom-up method. 

The top-down method typically obtain graphene from the bulk graphite via external forces or special 

chemical treatment, while the bottom-up methods usually get graphene by heat or other special 

treatments of small organic molecules. 

2.2.1.1 Top-down method 

The top-down method refers to those approaches that preparing graphene from graphite by 

exfoliation or separation. Basically, the raw graphite powers can be exfoliated via the mechanical and 

chemical forces. The exfoliation process basically is the reverse process of the originally forming 

process of the graphite carbon layers, where atomic carbon monolayers are stacked with each other. In 

graphite, the interaction force, mostly the weak van der Waals force, between the layers in the 

perpendicular direction is rather small compared with the covalent force between the carbon atoms 

within the same layer. For the mechanical cleavage, 300 nN/μm2 is required to crack the interlayer 

force and the bonding energy is calculated to be 2 eV/nm2.111 The external mechanical force can come 

from a variety of sources, like scotch tapes112, ultrasonication113, electrical field114, etc. The quality of 

graphene obtained from this method is relatively high and by far is the cheapest method to produce 

the high-quality graphene. However, the mechanical exfoliation process is skill needed. Taking the 

scotch tapes as the example, the peeling-off process needs to be repeated multiple times on an 

immobilized substrate. The characterization of the final graphene is carried out with Raman and 

Atomic Force Microscope (AFM) methods to verify the thickness. The size of the obtained graphene 

sheets can be substantially different, ranging from nanometers to several tens of micrometers. Though 

without sophisticated instruments and complicated operations, it is very difficult to produce graphene 

in large scale with this method. 
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Fig. 2.1 a) Photograph of graphene on an oxidized Si wafer. b) and c) Atomic force microscope (AFM) 

image of graphene on top of the SiO2 substrate. d) Scanning electron microscope (SEM) image of a 

few-layer graphene. e) Schematic view of the device in d).112 

Chemical exfoliation method is reckoned as the best way to produce graphene so far. It is a two-

step process. The first step is to reduce the interlayer Van der Waals’ force by intercalating small 

molecules like water115 or DMF116 followed by the second exfoliation process with rapid heating or 

sonication treatment. The well-known chemical exfoliation methods are the Hummers method and 

Staudenmaier method, which used KMnO4 and NaNO3 respectively in strong acid media to introduce 

the oxygen-containing groups on the surface of the carbon layers in the graphite.115 Water molecules 

can be successfully intercalated into the oxidized graphite to increase the interlayer distance. Further 

sonication treatment can fulfill the exfoliation process and produce the graphene oxide (GO). 

Chemical reduction or thermal reduction of GO can remove most of the oxygen-containing groups on 

the surface of GO sheet and restore the sp2 structure of graphene. The reduced graphene oxide is 

normally referred as rGO that contain much lower oxygen contents instead of graphene to 

differentiate the graphene sheet obtained from other methods. 

2.2.1.2 Bottom-up method 

Chemical vapor deposition (CVD) method is the most typical bottom-up method to synthesize 

graphene. It basically requires the vaporization and decomposition of the small organic molecules 

with high temperature and further deposit the decomposed elements on the substrate.117 The quality of 
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the graphene obtained from the CVD method is highly dependent on the species of the substrate. 

Transition metal-based (like Cu117, Ni118, and Co119) substrate is usually required to get the high-

quality graphene and deposition on copper substance is deemed as the most promising method for the 

large-scale production with high monolayer coverage. The extraction of the graphene from the copper 

substrate can be performed with the chemical etchants without affecting the graphene. However, the 

thickness of the graphene growing on the copper substrate could significantly influenced by the 

roughness of the copper surface. An ultra-smooth surface of the copper substrate is usually required to 

receive a large coverage of the monolayer graphene. Nickel substrate with a different binding form 

with the thermally decomposed elements is also developed to ease the problem of the surface 

roughness of the copper substrate. It was found the thickness of the graphene growing on the surface 

of Ni was heavily influenced by the cooling rate and faster cooling rate resulted in thicker graphene 

sheets.120 Though the thickness of the graphene growing on the surface of Ni is tunable, the long-time 

exposure to the carbon precursor could lead to a large number of wrinkles and folds in the graphene 

plane.   

Plasma-enhanced chemical vapor deposition (PECVD) employs the plasma to assist the 

vaporization of the organic precursors which effectively reduces the reaction temperature.121 The 

substrate used in the PECVD is also much flexible, like metal oxides and Si wafer, due to the catalyst-

free feature of this method. However, the high cost and gas-phase precursor needed seriously impede 

the large-scale application of this method. 

Other than the organic molecules, silicon carbide (SiC) can also be used as the carbon precursor 

to synthesize graphene.122 The process of the decomposition of SiC and formation of graphene on the 

surface of it is called epitaxial growth. The decomposition of the SiC usually demands the 

temperature above 1000 °C in the ultra-vacuum condition where graphene grows faster on the C- face. 

The epitaxial growth of graphene on the surface of SiC is reckoned as the most promising method for 

large-scale production of graphene for the applications into electronics, though, still suffers from the 

cost problem. 
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2.2.2 Modification of graphene 

Graphene, consisted of a single layer of conjugated sp2 carbon atoms, can be reckoned as a giant 

aromatic “poly-molecules” that is bestowed with high conductivity, high mechanical strength, and 

special optical adsorption. Being an aromatic carbon system, instead of polyaromatic hydrocarbons, 

graphene is expected to be active in the field of synthetic chemistry123, with its zig-zag and arm-chair 

conjugated tracks selectively catalyzing a class of reactions, like click reactions and carbene insertion 

reactions.  

The solution-processable chemistry for the modification of graphene is desirable as the graphene 

is expected to be the perfect scaffold to construct the nanocomposites. The modification of graphene 

with moieties or hetero-elements is not only capable of tuning the band gap but also improve its 

activity for the electrochemistry. Based on the type of the interaction between graphene and the 

modifying parts, the modification process can be classified as covalent modification and non-covalent 

modification.  

The most typical covalent modification is the oxidizing graphene in acid condition, also known 

as graphene oxide (GO).115 Pure graphene is absolute hydrophobic. For the feasible processibility of 

graphene, it is highly desirable to be dispersible in water. The introduction of the oxygen-containing 

groups on the surface of graphene can greatly enhance its hydrophilic, but disrupt the integrated 

aromatic carbon structures, severely damaging its conductivity and rendering it completely insulating. 

Another prominent method for the covalent functionalization of graphene is called “doping”. 

Borrowing the idea from the silicon-doping in the semiconductors to tune the band gap, it was found 

that the graphene could also be successfully doped with other elements to tune its band gap. Both p-

type and n-type of graphene have been obtained via the method of doping. Nitrogen-doping was 

found to be an effective n-type doping, which can be prepared from CVD method in the presence of 

ammonia gas109 or chemical treatment of graphene oxide with the nitrogen sources124. The 

concentration and species of the nitrogen in the nitrogen-doped graphene is tunable via controlling the 

synthesizing condition. The nitrogen species are classified by the doped positions, which namely are 

graphitic nitrogen, pyridinic nitrogen, and pyrrolic nitrogen.125 The chemical properties of the 
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obtained nitrogen-doped graphene are actually variable with the doping content and the species. Other 

non-metal elements, like B126 and S127, were also successfully doped within the carbon structures via 

the similar procedure. However, it’s deserved to be mentioned that it’s still very hard to obtain the 

doped graphene in the monolayered state. 

Graphene can be reduced through the addition of the hydrogen atoms from the hot tungsten 

filament.128 The hydrogenated graphene exhibited the p-type behavior due to the reducing of the sp2 

bonds. Especially, the hydrogenation process performed on the surface of Ir resulted in a 450 meV 

gap open from the Fermi level. 

The non-covalent functionalization of graphene is based on the Val de Waals forces or the π-π 

interactions between the graphene substrate and the aromatic organic molecules without damaging the 

in-plane sp2 structures of graphene. Small organic molecules with different functional groups, through 

all sharing the aromatic structures were used to non-covalently functionalize the surface of graphene 

sheets to tune its properties. Pyrene derivatives manifested strong affinity with the graphene basal 

plane which was used to increase the stability of graphene in the aqueous solution.129 The pyrene-1-

sulfonic acid sodium salt was anchored on the surface of graphene via the π-π forces which not only 

helped to stabilize the dispersion of monolayer graphene in the solution but also significantly 

enhanced the overall power conversion efficiency in the bulk heterojunction solar cells, from 0.78 to 

1.12% compared with the pristine graphene.  

Besides small organic molecules, large polymer molecules can also bind with graphene by the 

non-covalent force between the aromatic structures, resulting in the graphene-polymer nanocomposite. 

Such composite affords a new class of mechanical, optical and electrical properties by marrying the 

conductive and flexible properties of graphene with the structural properties of organic polymers. Bai 

et al.130 reported that the graphene functionalized with conjugated polymer sulfonated polyaniline 

became soluble in water and also demonstrated good air stability as well as electrochemical activities. 

The binding force was believed to be the π-π forces between the aromatic structures existing in 

graphene and the polymers. The extra hydrophilic part of the polymer extended in water further 

stabilizes the composite in the aqueous condition. 
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Fig. 2.2 Illustrations of different heteroatoms doped graphene.131 

2.2.3 Graphene in the electrochemistry 

The electrochemical properties of graphene have been extensively studied due to its unique 

laminated and conductive structure, which provide a large surface area to anchor the active species 

and also facilitate the fast mass/charge transfer rates during the electrochemical reactions. Basically, 

the function of graphene in the electrochemistry can be divided as the conductive substrate to host the 

active species and serve as the catalyst after certain modifications.  

2.2.3.1 Supercapacitor 

The superior mechanical properties combined with the theoretical large specific surface (2630 

m2/g) and the high conductivity determine graphene to be an outstanding candidate for the 

supercapacitor. The theoretical capacitance of graphene is calculated to be 550 F/g which is fairly 

large for the double-layer capacitance.132 However, due to the fact that graphene is easily re-stacked 

during preparation and test process, the actual capacitance tested was much lower than the theoretical 

value whose gravimetric capacitance was merely tens of F/g. To solve this tough issue, several 

strategies such as building the 3D structure, introducing the spacers to avoid the re-stacking and 

functionalized with heteroatoms have been implemented.  

For the fabrication of three-dimensional graphene structures with the high surface area, Zhu et 

al.133 used KOH to activate the graphene oxide. The processed graphene exhibited even higher 
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specific surface area that was up to 3100 m2/g as well as high conductivity. The tested capacitance in 

the organic solution was high to 166 F/g at the current density of 5.7 A/g. Yun et al.134 employed 

carbon dioxide to activate the self-assembled graphene 3D structure at high temperatures. The 

resulting graphene structure showed the capacitance up to 278.5 F/g in the sulfuric acid aqueous 

solution.  

For the prevention of re-stacking of graphene sheets, various spacers including gold NPs, carbon 

nanotubes, and water molecules etc. have been employed. The insertion of these elements greatly 

enhanced the testing capacitance of graphene by effectively hindering the re-stacking behavior of the 

graphene sheets. For example, water molecules form ice at low temperature followed by the freeze-

drying process to construct the porous graphene aerogel, which exhibited a capacitance of 172 F/g at 

the current density of 1A/g.134  

Heteroatoms like N and B were doped in graphene to further increase its capacitance. The exact 

mechanism behind this enhancement is still blurred though lots of hypotheses have been put forward. 

Some believed such enhancement was caused by the change of the local electron structures135 while 

others thought the final performance of the capacitor was actually linked with the structural defects 

formed during the doping process by comparing the characterization results of N-doped graphene and 

B-doped graphene.135 Other explanations were also raised, such as the performance enhancement of 

the S-doping was ascribed to the decreasing ability to adsorb water molecules during the test.136 

Nevertheless, despite of the difference of the doping elements and explanations to the reaction 

mechanisms, there is no argument that the resultant capacitance all gets increased compared with the 

undoped graphene.  

All the methods describing so far are purely based on the double-layer capacitance, without the 

participation of any faradaic process and therefore the specific surface area and conductivity largely 

determine the final value of the capacitance. The introduction of redox active materials on the surface 

of graphene can significantly enhance its capacitance by combining with the pseudocapacitance. 

Recently, high-performance supercapacitor was obtained via the combination of the graphene matrix 

with the transition metal compounds. The 3D graphene/Co3O4 nanocomposites prepared by the 

hydrothermal method followed by the freeze-drying process exhibited the capacitance of 660 F/g at 
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the current density of 0.5 A/g in aqueous condition.137 Firmiano et al.138 recently synthesized the 

MoS2/Graphene nanocomposites via deposition of the layer MoS2 on the surface of reduced graphene 

oxide through the microwave heating method. The resultant composite showed a capacitance of 265 

F/g at the scanning rate of 10 mV/s in the acid media.  

More importantly, due to the fact the most of the graphene tested for the supercapacitors were 

prepared from the reduction of graphene oxide, the reduction process plays an important role on the 

final performance. It was found that the removal extent of the oxygen functional groups on the surface 

of graphene sheets was decisive for the capacitance of the constructed nanocomposites that the lower 

content of the oxygen function groups, the higher capacitance would be attained. 

 

Fig. 2.3 a) The schematic preparation process of graphene-based nanocomposite (tGFs). b) The 

optical image, c) SEM image and d) TEM image of tGFs. e) The CV curves of tGFs at different 

scanning speed. f) The charge/discharge curve of tGFs, GFs and rGO film. g) The calculated specific 

capacitance of tGFs, GFs and rGO film.135 

2.2.3.2 Electrochemical reactions 

Pure graphene has a zero-band gap, which renders it highly conductive. The covalent 

modification of graphene through doping process with other elements would disrupt the planar 

structure by replacing the carbon atoms with other atoms.  Such disruption is capable of altering the 
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electrical properties of graphene and subsequently broaden its applications in various electrochemical 

reactions. 

Take the electrochemical water cycle reactions for the instance, the heteroatoms doped graphene 

has manifested terrific activities. Nitrogen and other non-metal elements doped graphene materials 

were found to be surprisingly efficient for ORR, especially in the alkaline media which even 

displayed comparable activity with Pt. Qiao et al.139 recently theoretically illustrated the variation of 

the activity trend of the heteroatoms doped graphene for HER in the acid media which pointed out 

that B, N dual doped graphene owned the best activity for HER in the acid media.  The heteroatoms 

doped graphene materials with bifunctional high OER/ORR activities in the alkaline media are 

promising as the efficient air electrode in the ZABs. It deserves to mention that the absolute absence 

of metal elements is still in the hot debate because the current characterization methods are hard to 

rule out the possible existence of the trace amount of metal residues and possible metal contamination 

from the preparation process. 

 

Fig. 2.4 The relevant HER performance of N, P-graphene, including the LSV curves and Tafel plot in 

the acid media (a and b) and alkaline media (c and d).139 

Besides the non-metal elements, inorganic metal NPs have also been coupled to the surface of 

graphene sheets to utilize its conductivity and large surface area. Furthermore, compared with the 

pristine graphene substrate, the heteroatoms doped graphene was found to be more efficient to couple 
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with inorganic NPs, among which N-doped graphene was reckoned as the most promising. Dai et 

al.140 demonstrated the activity enhancement of the MoS2/N-graphene nanocomposite compared with 

pure MoS2 NPs, which was recently further improved by Qiao et al.141 via the construction of the 3D 

MoS2/N-graphene nanocomposite. 

2.2.3.3 Electrochemical sensing 

Graphene and its derivate have been widely used in the sensors and biosensors due to their 

unique physical and chemical characters, especially in the field of detection of small biomolecules. 

Technically, the electrochemical sensors work to process the electronic detection signal generated 

through the interaction between the sensing platform and the electroactive species. The sensing 

platform is desired to be conductive and also possess a moderate interaction with the targeted 

molecules. Graphene and its derivates are known for their large surface area and high electron 

conductivity, which are perfectly suitable for the heterogeneous electron transfer, benefit to the output 

signal intensity. The aromatic carbon configuration and the modified species on the surface of 

graphene are also capable of conferring the stronger affinity with the electroactive species, thus 

reducing the interfering effect. Thereby, practical application of graphene and its derivatives in the 

electrochemical sensing is highly expected.  

The most commonly employed biosensing with graphene derivates (namely the chemically 

reduced graphene oxide) is the detection of nucleic acid wherein the nucleic acid also serves as the 

recognition element. Mukherjee et al.142 first used the chemically reduced graphene to graft the 

methylene blue, a single-stranded nucleic acid probe, to detect Mycobacterium tuberculosis gene. A 

broad detection range was attained, 2.872×10-3
 -2.872×105 ng/μL, with outperformed selectivity and 

noncomplementary nucleic acids. Instead of being double-stranded, the obtained single-stranded 

nucleic acid holding a stronger affinity with the methylene blueled to a smaller differential pulse 

voltammetry peak current. Wu et al.143 used the graphene functionalized nucleic acids to fabricate the 

aptasensor to detect the adenosine triphosphate. The aptasensor they fabricated had the advantages of 

simple structure, high specificity, and ultra-long stability, highlighting the labeling function during the 

process of the electrochemical ascorbic acid oxidation. 
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Other than the biosensor, graphene and its derivates have also manifested a greatly applied 

potential in the field of biomarker detection, which refers to the technique using the antibodies as the 

recognition elements for the clinical diagnosis. Among them, the electrochemical immunosensor is 

one of the most promising measurement techniques with advantages of low-cost, rapid analysis, high 

sensitivity, and portability. Eissa et al.144 reported using graphene in the impedimetric immunosensor 

for ovalbumin wherein graphene was functionalized with the carboxylic groups followed by a 

covalent immobilization with the ovalbumin antibody. The obtained nanocomposite displayed a wide 

detection range, 1 pg/mL -100 ng/mL, and extremely high selectivity towardsovalbumin. Wang et 

al.145 employed the reduced graphene oxide as the transducing materials to immobilize the anti-PSA 

after being functionalized with silk peptide and glutaraldehyde. The detection range was determined 

to be 0.1-5.0 ng/mL.   

Other types of biosensing systems have also been explored with graphene via immobilizing with 

different bio-recognition elements. The application can range from the heavy metal detection to food 

safety monitoring. 

 

Fig. 2.5 The different types of the bio-recognition elements coupled with graphene utilized for the 

electrochemical biosensors.146 

2.2.4 Conclusions of graphene 

Graphene as the representative of the two-dimensional nanomaterial is bestowed with very 

unique physical and chemical properties, featured by a honeycomb-like carbon configuration with 

high conductivity and large surface area. A spectrum of methods has been put forward to prepare 
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graphene, basically divided into “top-down” method and “bottom-up” method, by which the obtained 

graphene varies in the properties like conductivity and surface area. However, restricted by the inert 

chemical property of the sp2 hybridization carbon, the pristine graphene usually shows inferior 

catalytic performance in most of the electrochemical reactions. 

Modification of graphene with the organic molecules and inorganic elements has been prevailing 

to tune the band-gap and localized carbon electron environment of graphene. Especially after the 

oxidization, the resultant graphene oxide exhibits great affinity to the inorganic metal ions, which 

could serve as the active sites for many electrochemical reactions. By coupling with active 

components, the graphene-based nanomaterials have demonstrated great activities in the field of 

electrochemistry, especially for the energy storage and conversion. Moreover, via doping the 

heteroatoms into the carbon structure of graphene, the localized carbon electron environment could be 

tuned to effectively lower the energy barrier of many electrochemical reactions like OER and ORR.  

Though graphene-based electrocatalysts have been extensively investigated and shown 

promisingly impressive performance, there are still some drawbacks of them that need to be ove 

rcome. The first one is the cost problem. Despite of the fact that various methods have been developed 

to prepare graphene (oxide) in a low-cost and scalable way, the sophisticated preparation of graphene 

still hinders the large-scale application of graphene-based electrocatalyst. Furthermore, the common 

methods developed to couple graphene and the active species usually suffer from complicated 

preparation and high-cost instruments, which further increase the cost of the graphene-based 

electrocatalyst. Secondly, the quality of the graphene-based electrocatalyst is another non-neglectable 

problem. This is mostly caused by the variation of GO prepared via different methods, which can 

result in different final catalyst. Thus, the reproducibility is a restrictive problem of the graphene-

based electrocatalyst. The final problem of the graphene-based electrocatalyst is their insufficient 

stability. It is acknowledged that carbon-based electrocatalysts are easily oxidized in the harsh 

oxidizing working environment. As for graphene-based electrocatalyst, especially those derived from 

the graphene oxide, contains a significant amount of sp3-hybridized carbon atoms, which are easily 

oxidized. Therefore, the stability is a severe problem of the graphene-based electrocatalyst in the real 

energy devices.  
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In conclusion, to solve the above problems, a low-cost and scalable method is in great need to 

prepare graphene (oxide) and couple the active species with the prepared graphene (oxide). Moreover, 

a uniform standard is required to regulate the production of graphene (oxide). Thus, with the 

development of the large-scale production approach to graphene (oxide), the commercialization 

progress of many energy conversion devices like ZABs and fuel cells could be essentially accelerated.   

 

2.3 Zinc-air batteries 

To mitigate the emission of the automobile exhaust and reduce the cost of the petrol, electric 

vehicles (EVs) powered by lithium-ion batteries have received enormous attention for its research and 

development. They are deemed promising practically by the virtue of the relatively high theoretical 

specific energy and power density of the lithium-ion batteries.10 Unfortunately, after many years, the 

EVs powered by the lithium-ion batteries still not prevail mostly because of the less-sufficient power 

density and high cost. The technology of ZABs is hence brought up to address this problem. 

Commercialized in 1930's, the primary ZABs share the similarities with both the conventional 

batteries and fuel cells, using metal zinc as the anode and the continuous and inexhaustible oxygen 

from the air as the cathode.11 The theoretical energy density of ZABs is as high as 1086 Wh/kg4, 

which is about five times higher than that of the current lithium-ion batteries. The cost of the ZABs is 

rather low compared with the lithium-ion batteries, estimated to be two orders of magnitude, because 

of the cheap price of metal zinc and no cost of the surrounding air.12 Furthermore, the notion of the 

rechargeable ZABs was put forward to extend the lifetime of the ZABs. Despite the tempting 

advantages, the development of the ZABs is actually very slow, mostly impeded by the zinc electrode 

and cathode catalyst.  
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2.3.1 Configuration and operation principle of the batteries 

 

Fig. 2.6 Schematic demonstration of the primary zinc-air battery.12 

Typically, the ZABs consist of a zinc electrode, a membrane separator and an air electrode 

soaked in the alkaline electrolyte. The configuration is schematically shown in Fig. 2.1. Upon 

discharging, the zinc anode is oxidized to supply the electrons, which are sequentially transferred to 

the air cathode to reduce the oxygen molecules. The charge process of the rechargeable ZABs is 

basically the reverse of the discharge process where the oxygen molecules are oxidized to sustain the 

reducing process of the soluble zincate ions (i.e. Zn(OH)4
2-). The equations of the discharge and 

charge processes are shown below, respectively.  

Discharge:  

Anode electrode:                           𝑍𝑛 +   4𝑂𝐻−  → 𝑍𝑛(𝑂𝐻)4
2− + 2𝑒− 

                                                      𝑍𝑛(𝑂𝐻)4
2− → 𝑍𝑛𝑂 + 𝐻2𝑂 + 𝑂𝐻− 

Cathode electrode:                        𝑂2 + 4𝑒− + 2𝐻2𝑂 → 4𝑂𝐻− 

Overall reaction:                           2𝑍𝑛 + 𝑂2 → 2𝑍𝑛𝑂 

To extend the lifetime of ZABs, a chargeable working mode is desirable. Recent years have 

witnessed that numerous efforts have been put into the enhancement of the battery's recyclability. The 

discharge product (i.e. zincate) of the ZABs is highly soluble in the alkaline solution, which can easily 

escape from the vicinity of the zinc electrode irregularly. Once recharged, the reluctance of the zincate 

usually fully accumulates at the same spot around the surface of the zinc electrode, which in turn 

prompts the dendritic growth of the reduced zinc.  
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Charge: 

Negative electrode:                    4𝑂𝐻− → 𝑂2 + 4𝑒− + 2𝐻2𝑂  

Positive electrode:                     𝑍𝑛(𝑂𝐻)4
2− + 2𝑒−  → 𝑍𝑛 +   4𝑂𝐻− 

Overall reaction:                        2𝑍𝑛(𝑂𝐻)4
2− → 2𝑍𝑛 +   4𝑂𝐻− + 𝑂2 + 2𝐻2𝑂  

2.3.2 Current research about the zinc-air batteries 

Severe degradation or even short circuit can be triggered by such dendritic growth behavior of 

the reduced zinc. It has been found that the shape of the zinc has profound effects on the final 

performance of the batteries. In principle, the higher surface area, the better performance. In this 

respect, different shapes of zinc, e.g. spheres, flakes, ribbons, and foams have been studied.13-15 The 

fibrous zinc electrode with different shapes was prepared by Zhang et al. 15 Significant performance 

was achieved with his fibrous zinc electrode, namely 40% more capability, 50% energy and 30% 

more material utilization compared with the commercial gelled powder, owing to their good 

conductivity, mechanic stability, and flexibility. Alloying with other types of metal, like mercury, tin, 

lead, and indium was also found to be useful to stabilize the zinc during the battery test.16-18 In order 

to mitigate the dendritic growth problem, the discharge product was trapped on the surface of zinc 

electrode via the trapping layer. Vatsalarani et al.19 used polyanilines to coat the surface of porous 

zinc electrode, which only allowed the movement of hydroxide ions but restricted the diffusion of 

zincate ions. The surface of the zinc electrode was much smoother after 100 cycles than the uncoated 

electrode. It was also found that certain amount of additives could effectively suppress the dendritic 

growth by forming insoluble compounds with zincate ions. For instance, McBreen et al. investigated a 

series of inorganic metal oxides additives, such as Bi2O3, Tl2O3, Ga2O3, In2O3, HgO, PbO, and CdO. 

They claimed that these metal oxides could be reduced to form a network at nanoscale on the surface 

before the deposition of the reduced zinc, which was able to prompt the deposition of the following 

uniform zinc layer and increase the conductivity.20, 21 Organic additives were also investigated to 

suppress the dendritic propagation. Banik et al.22 observed the adsorption behavior of polyethylene 

glycol (PEG) at the growing sites, which was capable of easing the irregularity of the zinc surface.  
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Besides the optimization of the zinc electrode, the exploration of the efficient catalysts for the air 

cathode appears more urgent due to the sluggish reaction features of the oxygen molecules. The half-

reaction proceeding at the cathode is the electrochemical reduction process of the oxygen molecules, 

so-called "oxygen reduction reaction". Stemming from the ultrahigh energy of the O=O bond (498 

kg/mol), the reduction process of oxygen molecules usually requires the assistance of the 

electrocatalyst.23 The efficiency of the ORR catalyst is decisive for the power density and energy 

output of the batteries. Precious metal air cathode was firstly used in the early research of ZABs. 

Silver24 and other precious metal catalysts such as gold and palladium25 were assembled in the air 

cathode owing to their high activity and long-term stability. In order to reduce the cost, manganese 

oxide26 and other transition metal oxides were also explored, which is actually the most commonly 

used cathode catalyst in commercial ZABs. Recently, perovskite-type oxides27 and carbon-based 

catalysts28 were found to be exceedingly active for ORR. For example, Zhu et al.29 reported that 

pyrolysis of tetramethoxyphenyl porphyrin cobalt could develop active Co-N-C catalyst, which could 

trigger a zinc-air battery with a peak power density up to 232 mW/cm2. For rechargeable ZABs, the 

half-reaction happening at the negative electrode is oxygen evolution reaction (OER). Similar with 

ORR, electrocatalyst is generally needed to promote the process of the complicated four proton-

coupled electron reaction. Various kinds of materials have been found to be bifunctional for both 

ORR and OER, mostly transition-metal based materials. Liang et al.29 used nitrogen-doped graphene 

as the substrate to grow Co3O4 on the surface. The synergistic effect of the metal oxide and graphene 

substrate greatly improved both OER and ORR performance. Much recently, Chen et al. fabricated a 

bifunctional catalyst using nitrogen-doped carbon nanotubes to grow LaNiO3 NPs. The rechargeable 

ZABs based on this catalyst displayed the discharge voltage at around 0.9V and charge voltage at 

around 2.2V (at the current density of 17.6 mA/cm2). The whole recycling performance was also 

significantly enhanced (Fig. 2.2) 
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Fig. 2.7 The OER/ORR bifunctional LaNiO3 nanoparticles on N-doped carbon nanotubes (CCBC-2). 

a. Schematic illustration of the reaction process. b-c. SEM and TEM images. c. Charge and discharge 

polarization curves of the CCBC-2 and Pt/C. d. Charge-discharge cycling curves of the CCBC-2 

assembled in the rechargeable ZABs.30 

2.4 Fuel cells 

The technology of fuel cells is a great challenge when the idea was born. The chemical energy 

stored in the hydrocarbon fuels is commonly much higher than those materials used in the 

conventional batteries. So the electric power supplied by the fuel cells is much more stable and 

continuous compared with other primary energy devices. They are reckoned as the final solution for 

vehicles, utility and nonutility generators and portable electronics. Basically, fuel cells can be 

classified as alkaline fuel cell (AFC), polymer electrolyte membrane fuel cell (PEMFC), direct 

methanol fuel cell (DMFC), phosphoric acid fuel cell (PAFC), molten carbonate fuel cell (MCFC) 

and solid oxide fuel cell (SOFC) by different types of electrolytes.31  
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Fig. 2.8 Illustration of the fuel cell using hydrogen and oxygen as reactants.31 

2.4.1 Classifications of the fuel cells 

The AFC is the earliest type of the fuel cells, which uses hydrogen as the fuel. It was first 

developed to be used in the American space program in 60’s.5 The reaction equations can be written 

as:  

Anode:          𝐻2 + 2𝑂𝐻− → 2𝐻2𝑂 + 2𝑒− 

Cathode:       𝑂2 + 2𝐻2𝑂 + +4𝑒− → 4𝑂𝐻− 

Overall:       2𝐻2 + 𝑂2 → 2𝐻2𝑂 

KOH is commonly employed as the electrolyte in the AFC. Nobel metal catalyst is very active as 

the electrode for anode and cathode. Besides noble metal, non-noble metal catalysts were used as 

cathode, such as Raney nickel and iron phthalocyanines, etc.32 The AFC is need of pure oxygen and 

hydrogen as the reactants due to the clogging problem of the pores by CO2 and the poisoning effect of 

CO and sulfide to Pt, which hinders the large-scale application of the AFC.   

The electrolyte used in the PEMFC is immobilized in a polymer matrix, where the anode and 

cathode are separated by a proton-conducting polymer membrane. Once the polymer membrane is 

hydrated, the protons immobilized in the membrane will be released and become mobile within the 
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polymer backbone to provide the conductivity (Fig. 2.4). The management of water is a very 

important issue for PEMFC. The water concentration can cause back diffusion of the protons, which 

are used to carry the current. So the anode side is required to be humidified during the operation to 

avoid the dehydration, while on the side of cathode the air stream is applied to prevent flooding 

problem caused by the product water. The structure of PEMFC should be insensitive to the 

compression and expansion resulted from the temperature and pressure gradients during the operation. 

In addition, the requirement of the catalyst used for anode and cathode is more rigorous due to the low 

stability and activity of the materials in acid media compared with the AFC. Moreover, the cost and 

operation characteristics of the membrane also hinder the widespread of PEMFC. 

 

Fig. 2.9 The working scheme of the PEMFC.5 

With a similar structure to PEMFC, the DMFC uses the fuel in liquid form instead of being 

immobilized within the polymer matrix. The anode feedstock is methanol, saving the trouble from 

converting the hydrocarbon fuel into H2. The liquid form methanol can be stored in a cartridge 

resembling the fountain pen. This provides a great potential for DMFC to act as the power source for 

laptops and mobile phones. The catalyst loading in the DMFC is higher than that in the PEMFC. 

Ruthenium is needed to mix with platinum to avoid the formation of the stable formic acid 

intermediate. The cell reaction can be interpreted as follow: 

Anode:       𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 → 6𝑒− + 6𝐻+ + 𝐶𝑂2 

Cathode:    𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 
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Overall:     𝐶𝐻3𝑂𝐻 +
3

2
𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂 

However, owing to the noticeable solubility of methanol in the polymer membrane, considerable 

crossover phenomenon happens from the anode to the cathode, leading to low cathode output voltage 

and overall efficiency of the cell. 

PAFC has been frequently used as energy storage device. It uses phosphoric acid held by the SiC 

matrix as the electrolyte, which limits several important operation factors of PAFC. The operation 

temperature of PAFC is around 200 °C, which is restrained by the low conductivity of phosphoric 

acid in the low temperature and high volatility and decomposition in the high temperature. Also, the 

hot acid rejects the product water, which needs to be removed once produced.  The sluggish ORR at 

cathode is the main loss of the cell performance, which usually requires high loading of the catalyst. 

The cell reactions are:  

Anode:                  𝐻2 → 2𝐻+ + 2𝑒− 

Cathode:              𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 

Overall:                2𝐻2 + 𝑂2 → 2𝐻2𝑂 

The common intermediate of the cathode, H2O2, tends to decompose in the high temperature, 

which results in less peroxide formation compared with other aqueous systems. However, once shut 

down, the cathode must be protected from the corrosion of wet oxygen.  

MCFC operates at around 560 °C where the waste heat can be used in cogeneration. One 

remarkable feature of this type of fuel cell is that it is exclusive of the noble metal catalysts while 

providing higher efficiency than PEMFC and PAFC. The electrolyte used for MCFC is lithium-rich 

carbonate electrolyte, which is bestowed with higher conductivity but low gas solubility and higher 

corrosion rates. Methane (or CO and H2 from the methane) is used as the fuel. The cell reactions are 

listed as below: 

Anode:                                       𝐶𝐻4 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻2 

OR 
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                                                  𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2 

Then                                           𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 

Then                                          𝐻2 + 𝐶𝑂3
2− → 2𝑒− + 𝐶𝑂2 + 𝐻2𝑂 

OR 

                                                   𝐶𝑂 + 𝐶𝑂3
2− → 2𝐶𝑂2 

Cathode:                                    𝑂2 + 2𝐶𝑂2 + 4𝑒− → 2𝐶𝑂3
2− 

However, at the operating temperature, a series of problems including the NiO dissolution, the 

structure change of the electrodes and the distortion of the pore size distribution may arise. The cell 

performance highly depends on the electrolyte resistivity and generation of the heat caused by the 

polarization of the electrode wherein the over heat may cause irreversible damage to the cell. The cell 

is also very sensitive to the sulfur contamination due to the strong interaction with nickel and other 

catalysts, which will lead to the severe deactivation of the catalyst. 

SOFC operates at very high temperature, around 800-1000 °C. It uses the electrolyte with O2- 

conducting in the solid phase. The SOFC can operate to nearly 96% of the thermodynamic efficiency 

and impervious to most contaminations. The heat quality delivered for the cogeneration is also much 

higher than that of the MCFC. In addition, the catalyst of SOFC is noble metal free, mostly comprised 

of the porous cermet of Ni or Co on yttria-stabilized zirconia. It uses similar fuel with MCFC. The 

cells reactions are shown below:  

Anode:                                                   𝐻2 + 𝑂2− → 2𝑒− + 𝐻2𝑂 

OR 

𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒− 

OR                                                        𝐶𝐻4 + 4𝑂2− →  𝐶𝑂2 + 8𝑒− + 2𝐻2𝑂 

Cathode:                                                𝑂2 + 4𝑒− → 2𝑂2− 
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The limitation of SOFC mainly arises from the high operating temperature and the restrictions on 

the choices of catalysts. The catalyzing materials, though noble free, is required to share similar 

coefficients of expansion and stable in the severe oxidizing working condition. 

To summarize different types of fuel cells, major pros and cons are listed in Table 2.1, together 

with the reactants and reaction conditions in Fig. 2.5. 

Table 2.1 Classification of the fuel cells and their respective advantages and disadvantages.31 

Types Advantages Disadvantages 

Alkaline Fuel Cell (AFC) 

Mechanically rechargeable 

Low cost KOH electrolyte 

limited activated life 

intolerant of impurities in gas streams 

 

CO and pure H2 only suitable fuel 
 

Polymer Electrolyte Membrane Fuel Cell 

(PEMFC) 

nonvolatile electrolyte 

few materials problems 

polymer electrolyte 

High-cost catalysts and electrolyte 

CO poisoning 

Water management 

Pure hydrogen required and low tolerance to 

impurities 

Direct Methanol Fuel Cell (DMFC) 

Direct usage of carbonate fuels 

Improved weight and volume 

Polymer electrolyte 

Stable intermediates 

High catalyst loading 

Water management 

Low efficiency 

Methanol hazardous 

Phosphoric Acid Fuel Cell (PAFC) 

CO2 exclusive electrolyte 

High fuel efficiency 

Low conductivity electrolyte 

High-cost catalyst 

Anode CO poisoning 

Molten Carbonate Fuel Cell (MCFC) 

High fuel efficiency 

CO/CH4 fuel usable 

Direct reforming workable 

High-quality heat 

Available catalysts problems 

Low sulphur tolerance 

High ohmic electrolyte 

Solid Oxide Fuel Cell (SOFC) 

Fast electrode kinetics 

High-grade heat 

High efficiency 

Impurities tolerance 

In-sit direct reforming feasible 

High fabrication costs 

Restrictions on choices of available materials 
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Fig. 2.10 Summaries of reactants and reaction conditions of different types of fuel cells.31 

2.4.2 Current research about the fuel cells 

The development of fuel cell basically starts with its configuration (cell design), membrane, 

electrocatalyst (anode and cathode), etc. For cell design, a cell is mainly comprised by a membrane, a 

layer holding the catalyst, and a gas diffusion layer (GDL), which works by allowing the protons 

travel through the inside to complete the electrochemical reaction whereas in the external circuit the 

electrons pass to pump the electricity.33  

For the role of the membrane in a fuel cell, the optimal working status should be the carrier for the 

protons, the separator of the reactant gases and more importantly, the insulator for the electrons to 

avoid the short-circuit inside the cell. Conventionally, the ion exchange membrane in the fuel cell can 

be classified into cation exchange membrane and anion exchange membrane based on the type of 

ionic groups exposed on the surface of the membrane. Ever since the “Nafion” film, mainly composed 

by the perfluorosulfonic acid, was fabricated by DuPont in 1970’s34, showing remarkable specific 

conductivity and long lifetime, it becomes the dominating membrane in the fuel cells.  On account of 

the reagents used, the membrane could be divided into three vast groups: perfluorinated ionomers (or 

partially perfluorinated)35, non-flourinated hydrocarbons (including aliphatic or aromaticstructures)36, 

and acid-base complexes36. Normally, to prepare the proton exchange membrane, the methods can be 

summarized as irradiation grafting polymerization method36, crosslinking method37, plasma grafting 
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polymerization method38, sol-gel method39, and direct polymerization of monomers method40. Each 

method owns its pros and cons, exerting influence with respect to the proton conductivity, electronic 

conductivity, mechanical strength, water moisture control and chemical stability etc. of the resultant 

membrane, even for the same type of membrane. 

Other than the exploration and development of the cell configuration and the ion exchange membrane, 

much more concentrated efforts have been devoted to the investigation of the electrocatalyst in the 

anode and cathode. Pt-Ru alloy41 has been systematically studied as the efficient anode electrocatalyst 

in terms of their compositional proportions, morphology, and hybridization with other elements to 

prompt the oxidation of the fuel materials. Moreover, comparing with the need of the electrocatalysts 

at anode, a much more urgent demand is for the cathode where the reduction of the oxygen molecules 

is typically subjected to the sluggish kinetics and notable overpotentials. The research orientation of 

the ORR electrocatalyst can be concluded as reducing the proportion of the platinum by alloying with 

other non-precious metals42 and substituting Pt with other earth-abundant elements, such as transition 

metal43 and carbon44. A systematic presentation of the development of the ORR electrocatalyst will be 

focused in the latter part of this chapter. 

2.5 Challenge and future perspective for the zinc-air batteries and fuel cells. 

The electrochemical energy conversion devices like ZABs and fuel cells provide intriguing and 

uncompromising potentials to solve the energy crisis and environment pollution problems. 

Nevertheless, a major challenge resides for all these devices is the request for the development of 

cost-effective electrocatalysts.45 The currently used noble metal catalyst contributes to quite a part of 

the cost of the whole device (~30%). It is urgently needed for the exploration of the low-cost yet 

efficient and robust catalysts to substitute the noble metal catalyst. Given that OER and ORR play the 

significant role in these devices, the in-depth understanding of reaction mechanisms of OER and ORR 

would largely favor the development of the active electrocatalysts. 
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2.6 Oxygen evolution reaction (OER) 

2.6.1 The basic introduction to OER 

 

Fig. 2.11 The OER mechanism in the alkaline medium (red) and acid medium (blue). Two possible 

reaction pathways are also indicated, peroxide (M-OOH) as the intermediate (black line) and two 

adjacent oxos (M-O) as the intermediate (green line).46 

Oxygen evolution reaction (OER) is the half-reaction happening at anode during the water 

splitting in the water electrolyzer and also the cathode reaction during the discharge of the ZABs. The 

thermodynamic potential of the overall water splitting reaction is 1.23 V (vs. RHE).47 The stepwise 

OER requires large overpotential (bias potential required above the thermodynamic potential to 

overcome the reaction barriers). Even though the product from the cathode, hydrogen, is more 

desirable, OER with the sluggish reaction nature is actually the rate-determining reaction of overall 

water splitting, especially in the acid media. The reaction pathway for OER is complicated owing to 

the involvement of four proton-coupled electrons transfer (PCET) process. Without the PCET process, 

the charge would continuously accumulate upon the surface of the water-oxidizing catalyst, which 

necessitates considerable overpotential for the following steps to proceed. A theoretical framework 

based on the PCET has been developed by Cukier and Hammes-Schiffer.48, 49 The elucidation and 

understanding of the reaction mechanism are essential to shed light on the right path of catalyst's 

synthesis. As shown in Table 1, the reaction pathways proceed differently in acid and alkaline 

solutions. 

2𝐻2O → 2𝐻2 + 𝑂2 
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Table 2.2 Oxygen evolution reaction pathways in acid and alkaline conditions (M denotes the 

surface of the catalyst).46 

oxygen evolution half reaction Reaction pathway 

𝟐𝑯𝟐𝐎 → 𝑶𝟐 + 𝟒𝒆− + 𝟒𝑯+ 

(acid condition) 

M + 𝐻2O → 𝑀𝑂𝐻 + 𝐻+ + 𝑒− 

MOH → 𝑀𝑂 + 𝐻+ + 𝑒− 

MO + 𝐻2O → 𝑀𝑂𝑂𝐻 + 𝐻+ + 𝑒− 

MOOH → 𝑀𝑂2 + 𝐻+ + 𝑒− 

𝑀𝑂2 → 𝑀+𝑂2 

𝟒𝑶𝑯− → 𝑶𝟐 + 𝟐𝑯𝟐𝐎 + 𝟒𝒆− 

(alkaline condition) 

M + 𝑂𝐻− → 𝑀𝑂𝐻 + 𝑒− 

MOH + 𝑂𝐻− → 𝑀𝑂 + 𝐻2O + 𝑒− 

MO + 𝑂𝐻− → 𝑀𝑂𝑂𝐻 + 𝑒− 

MOOH + 𝑂𝐻− → 𝑀𝑂2 + 𝐻2O + 𝑒− 

𝑀𝑂2 → 𝑀+𝑂2 

It’s commonly believed that the interaction between the reaction site and the intermediate is 

crucial for the overall reaction. Among these four steps, the formation of absorbed oxygenated species 

(MOH, MO, and MOOH) is believed to be a rate-determining step. Moreover, it has been observed 

that such absorption energy is related to the position of the d-band center (εd) corresponding to the 

Fermi level (εF). Based on this, one activity describing model was brought up, called d-band center 

model.50 According to the d-band model, the metal-adsorbate bond is linked with the distance between 

εd and εF (εF- εd).51 Thus, the difference value between εd and εF can be used to describe and anticipate 

the catalytic activity. This model allows a simplified correlation linking the catalytic activity with the 

surface electronic properties with good accuracy. In line with this model, a universal activity 

descriptor using the difference of binding energy between *O and *OOH was introduced to construct 

the volcano-type plots (Fig. 2.7). Predicted from the volcano plots, noble metal oxide (e.g. IrO2 and 

RuO2) and transitional metal oxide (e.g. NiO and Co3O4) are among the best catalysts for OER owing 

to their optimal difference value in the free binding energy between *O and *OH. It’s deserved to be 

mentioned that this activity trend mostly agrees with the experimental results. 
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Fig. 2.12 Theoretical activity trend for the OER activity (volcano plot), versus the difference in the 

free binding energy between *O and *OH on the surface of metal oxides. 52 

2.6.2 The current catalysts for OER  

2.6.2.1 Noble-metal-based materials 

The noble-metal-based materials, RuO2 and IrO2, are currently considered as the benchmarking 

catalyst for OER, particularly in acid media, with relatively low overpotential and high stability.53 So 

far, RuO2 was experimentally tested more active than other noble metal catalysts, among which rutile-

type RuO2 was found to be the most active in acid. However, RuO2 is highly unstable under high 

anodic potential because of the soluble RuO4 formed during the test.54 IrO2 also suffers from the same 

problem which can be transformed into IrO3 during the OER test though more stable than RuO2.55, 56 

It was noted that alloying with Ir could greatly enhance the stability of RuO2, e.g. Ru0.9Ir0.1O2 

with slight incorporation with Ir was found to be much more stable than RuO2
57 while retaining 

similar activity. Seitz et al.58 found that IrOx/SrIrO3 prepared by strontium leaching from the SrIrO3 

film possessed extraordinarily high OER activity in acid media with outperformed stability (Fig. 2.7). 

The density functional theory (DFT) calculations indicated the possible structure stabilized by the 

interface with SrIrO3 contributed to the high activity and stability. 
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Fig. 2.13 (A) The potential required to reach 10mA/cm2 for IrOx/SrIrO3 film. (B) Tafel slop 

comparing IrOx/SrIrO3 (with different thickness) with IrOx and RuOx in the acid condition.58 

2.6.2.2 Transition metal-based materials 

Transition metal-based materials with relatively high activity have received tremendous attention 

as potential catalysts for OER due to their low-cost, earth-abundant, and robust stability features. The 

activity of the transition metal-based materials is highly dependent on the morphology, compositions, 

surface binding states and the oxidation valances. Their oxides59, 60, hydroxides61, oxyhydroxides62, 

chalcogenides63, pnictides64, and organometallics65 have all appeared to be the effective OER 

electrocatalysts. Owing to the soluble status in the acidic surroundings, almost all of them are 

investigated in the alkaline and neutral electrolytes. Layered double hydroxides (LDHs) are a class of 

typical two-dimensional layered-stacking structures constituted by the [MO6] subunits with transition 

metal ions residing in the center of the octahedron connected with oxygen ions where protons are 

sandwiched between the layers. Gong et al. synthesized ultrathin nickel–iron layered double 

hydroxide (NiFe-LDH) nanoplates on mildly oxidized multiwalled carbon nanotubes (CNTs) which 

showed even better OER activity than commercial Ir/C catalyst in the KOH solution.66 

Subbaraman et al. 67 have performed the systematic study on the activity trend of 3d transition-

metal elements (Fe, Co, Ni and Mn) hydroxides for OER and found they followed the order of Ni > 

Co > Fe > Mn, as observed in other structure systems, shown in Fig. 2.8.68 They believed that the 
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superior activity of NiOOH was abided by the Sabatier principle which is caused by the optimal 

bonding energy between Ni and NiOOH. It is fairly interesting because the OER activity for FeOOH 

itself is relatively poor due to its intrinsic poor conductivity and instability.69 However, it was pointed 

out the incorporation of the slight amount of Fe impurities into NiOOH could significantly enhance 

the activity. Trotochaud et al.70 found the overpotential of Ni1-xFexOOH dropped by 200mV when the 

Fe content reached to 25% compared with that of NiOOH. Michaela et al. also found the OER activity 

of Co1-xFexOOH (x=0.6~0.7) was 100-fold higher than pure CoOOH.71 Chen et al.72 thought Fe4+ 

formed at the edge and defect during the test was responsible for the reactive sites by performing 

operando Mössbauer spectroscopic studies. Zhang et al.73 believed the addition of Fe could alter the 

adsorption energy of OH by Co-OH which produced a favorable local coordination environment and 

electronic structure. Nevertheless, the true effect of Fe still remains unclear without sufficient proof 

under the operando condition and the synergistic effect between the transition metal elements is also 

blurry. 

 

Fig. 2.14 Trend in the overpotential for OER as a function of the 3d transition elements.67 

2.6.2.3 None-metal compounds 

The none-metal materials are another important class of catalysts for OER. The ongoing devoted 

efforts to the study of none-metal compounds for OER catalysis has crucial significance for 

mechanism probing and further cost reducing. Mirzakulova et al.74 demonstrated the capability of 

non-metal compound to catalyze oxygen evolution for the first time by constructing a molecule 
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catalyst N(5)-ethylflavinium ion (Et–Fl+) and carried out the test in 0.1 M phosphate buffer solution. 

They proposed the active site for OER to be the carbon between N and ketone group which was 

capable of adsorbing OH- due to the positively charged state. Though not bestowed with high activity, 

their work was vitally important, guiding and motivating the following research work on non-metal 

OER electrocatalysts. Nanoscaled carbon materials received immediate attention due to their high 

conductivity and chemically inert characteristic in alkaline and acid electrolytes. Cheng et al. 

comprehensively studied the OER activity of pristine carbon nanotubes (CNTs) and found the OER 

activity was decreased with the increased number of the walls, which was ascribed to the attenuated 

electron tunneling between the nanowalls. They believed the outer wall functionalized as the active 

site which would go through the oxidizing process during the test while the inner wall was responsible 

for the high electron transfer rate.75 Furthermore, after the oxidation treatment, the OER activity of 

CNTs was further enhanced, with merely an overpotential of 360 mV to reach the current density of 

10 mA/cm2, comparable to the aforementioned metal-based catalysts.76 It was found that 

electroactivity for OER of carbon materials could be dramatically increased by doping carbon with 

other none-metal elements, such as N and S (Figure 2.10). The nitrogen-doped carbon black has 

remarkable OER activity in the 0.1 M KOH electrolyte (pH = 13), with an overpotential of only 380 

mV to reach the current density of 10 mA/cm2.77 In addition, 3D nanocomposites were also 

constructed to increase the surface area and amount of active sites. The 3D g-C3N4/S-doped CNTs 

composites prepared by Ma et al.78 displayed outstanding OER activity in the 0.1M KOH electrolyte, 

with an overpotential of ~ 539 mV and comparable Tafel slope value with RuO2. 

 

Fig. 2.15 The schematic demonstration for the preparation of 3D g-C3N4/S-doped CNTs.77 
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Besides the carbon-based materials, other types of none-metal materials were also explored as 

the OER catalyst. For instance, the thermal-vaporization transformed (TVT) black phosphorus (BP) 

displayed comparable OER activity with RuO2 in 0.1M KOH solution. 79 

2.7 Oxygen reduction reaction (ORR) 

2.7.1 The basic introduction to ORR 

Oxygen reduction reaction (ORR) is the reverse reaction of OER, an electrochemically reducing 

process of oxygen molecules. It is the cathode reaction in the fuel cells and ZABs to consume the 

electrons generated from the anode. Converting chemical energy of the fuel into usable electricity, 

fuel cells are expected to be commercially implemented in the area of large-scale equipment like 

transportation and power station. They are featured by the ultra-high conversion efficiency, power 

capacity, and environment-friendliness especially when hydrogen is used as the fuel where no 

polluting waste is produced. Fuel cell vehicles (FCVs) are even reckoned as the final solutions to the 

automotive, which overmatch electric vehicles (EVs) in many ways. Among all types of fuel cells, the 

proton exchange membrane fuel cell (PEMFC) is especially suited to supply automobiles and vehicles 

because of its uncomplicated configuration, easy start-up, low working-temperature and high-power 

density.80  

Hydrogen is oxidized at the anode of PEMFC to supply the electrons and protons that are 

sequentially transferred to the cathode to reduce the oxygen molecules. Both anode and cathode 

contain a certain amount of highly dispersed Pt NPs to promote the reaction rates. The amount of Pt 

required at anode is fairly little which can be reduced to less than 0.05 mg/cm2 to drive the hydrogen 

oxidation reaction (HOR) at the very high rate, while at the cathode the amount of Pt loading is much 

higher, 0.4 mg/cm2, to maintain the basically satisfied performance of ORR.81 Therefore, it is highly 

desirable to find solutions to reduce to amount of Pt loading at the cathode or completely substitute Pt 

with other earth-abundant materials because of the scarce reserve and high cost of Pt. 

Similar to OER, the ORR is also a four proton-coupled electron transfer (PCET) process, which 

basically reverses the steps of OER. ORR can proceed through two different kinds of pathways. One 
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is commonly referred to as partial reduction of the oxygen, which proceeds through a two-electron 

pathway to produce hydrogen peroxide. The other undergoes a four-electron pathway to give out 

water molecules. The latter pathway is more efficient and called full reduction of the oxygen due to its 

higher efficiency and benign product.1 The reaction pathways can also differ with different pH 

surroundings. Basically, it is much easier for the full reduction in the alkaline condition to proceed 

due to the metastable state of hydrogen peroxide ions in alkaline condition leading to the variation of 

the energy barriers.82 The difference between these two reaction pathways can be visually seen from 

the Fig. 2.11. 

 

Fig. 2.16 Schematic illustration of two different ORR pathways: Full reduction of oxygen (a) and 

partial reduction of oxygen (b).83 

For the partial reduction, one oxygen molecule is firstly adsorbed on the surface of a catalyst, 

followed by two hydrogen additions to produce an adsorbed hydrogen peroxide. The adsorbed 

hydrogen peroxide can either go through a further reduction to water molecules or simply dissociate 

from the surface as free hydrogen peroxide molecule. The reaction equations (acid media) can be put 

as: 

𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂2 

2𝐻2𝑂2 → 2𝐻2𝑂 + 𝑂2 

For the full reduction, the whole process is much more complicated. The first step is the same as 

the partial reduction, the adsorption of the oxygen molecules. The first electron coupled with the 
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addition of H results in *OOH adsorbing on the surface of the catalyst. For the transfer of the second 

electron and H, it can either bond with the *O in the adsorbed *OOH group to produce two adsorbed 

*OH groups or simply interact with the OH group to form one water molecule and leave one *O 

adsorbing on the surface. The two adsorbed *OH groups from the first pathway will be transferred 

with two more electrons and hydrogen to generate two water molecules while the adsorbed *O left in 

the second pathway can later accept another two electrons and hydrogen to form one water molecule. 

The two reaction pathways (acid media) for the full reduction of oxygen can be illustrated by the 

equations shown in Table 2.10 (M denotes the surface of the catalyst):  

Table 2.3 Two different reaction pathways for the full reduction of O2.1 

𝑶𝟐 + 𝟒𝑯+ + 𝟒𝒆− → 𝟐𝑯𝟐𝑶 

Pathway (I) Pathway (II) 

𝑶𝟐 → 𝑴𝑶𝟐 𝑂2 → 𝑀𝑂2 

𝑴𝑶𝟐 + 𝑯+ + 𝒆− → 𝑴𝑶𝑶𝑯 𝑀𝑂2 + 𝐻+ + 𝑒− → 𝑀𝑂𝑂𝐻 

𝑴𝑶𝑶𝑯 + 𝑯+ + 𝒆− → 𝟐𝑴𝑶𝑯 𝑀𝑂𝑂𝐻 + 𝐻+ + 𝑒− → 𝑀𝑂 + 𝐻2𝑂 

𝟐𝑴𝑶𝑶𝑯 + 𝟐𝑯+ + 𝟐𝒆− → 𝟐𝑯𝟐𝑶 𝑀𝑂 + 𝐻+ + 𝑒− → 𝑀𝑂𝐻 

 𝑀𝑂𝐻 + 𝐻+ + 𝑒− → 𝐻2𝑂 

From the calculation result of the DFT, it is believed that the ORR efficiency is concerned with 

the binding energy between the intermediates and catalyst surface. 84 In accordance with the Sabatier 

principle, the ideal catalyst should possess a surface that is capable of binding with the reactant 

strongly enough for the following steps to proceed while simultaneously binding with the product 

weakly enough to dissociate it from the active site.84, 85 Based on this theory and combined with 

experimental data, a “volcano plot” was proposed by comparing the oxygen binding energy of the 

surface of different catalysts (Fig. 2.11).  
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Fig. 2.17 Volcano plot of the ORR activity trend based on the oxygen binding energy (ΔEo). 86 

As shown in the “volcano plot”, Pt occupies the most optimal position, however, still not at the 

peak, which implies there is still a room for the improvement of the catalyst. It was found that the 

adsorption energy can be adjusted by the change of the d-band (the conductive band) of the material. 

The d-band energy was even regarded as the activity descriptor and plotted to correlate with the 

oxygen adsorption energy. 87 The adjustment can be realized by alloying with other metal elements 

and structure rearrangement.88, 89 Another effective approach to optimize the ORR activity was by 

simply tuning the predominant facets that benefit the ORR of the crystals. Stamenkovic et al. showed 

that by exposing more of the (111) facet, the activity of Pt was enhanced 10 times compared with 

commercial Pt/C. Other influencing factors such as the morphology and size effect were also explored. 

90 Moreover, efforts regarding the exploration of low-cost noble-metal free catalysts were also vastly 

devoted. The following parts will focus on the optimization of the noble-metal catalysts and 

exploration of the noble-metal free catalysts. 

2.7.2 Current status of the ORR catalyst 

2.7.2.1 Noble-metal based catalyst 

As mentioned in 2.3.2.1, in line with the “volcano plot”, Pt is the best-known ORR catalyst. 

However, there is still a room to improve the activity and stability of Pt. Alloying with other metal 

elements has been proved to be a very effective way to modify the electronic structure of Pt which 

would further increase its activity while with reduced loading amount of Pt.  
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Noble metals are known to be chemically inert in the acidic surroundings, which enable them 

good incorporating parts with Pt to solve the stability issues in PEMFC caused by the Ostwald 

ripening of Pt particles. 91 Zhang et al. applied the one-pot solution method to synthesize a dendritic 

platinum-on-iridium core-shell nanoparticle. The resulting nanoparticle owned a large electrochemical 

surface area (ECSA), which together with the interaction between the platinum and iridium accounted 

for the significantly enhanced activity in the H2SO4 solution compared with a physical mixture of 

platinum and iridium NPs. Shao et al. deposited a platinum monolayer on the surface of the gold NPs. 

The resulting NPs showed much better catalytic activity compared with pure Pt NPs with the similar 

particle size (~3 nm), ruling out the influence from the change of the surface area.83 The possible 

reason for this enhancement was proposed to be the compressive tensile stain at the surface of Pt/Au 

crystal that caused the shift in the d-band. 92 Alloying with other noble metal elements, like Au93 and 

Pd94, were also attested to effectively enhance the ORR activity of Pt. 

Despite of the activity enhancement and reduced loading amount of Pt, the cost is still fairly high 

from the noble metal components. In the meanwhile, transition metal-based catalysts have shown 

great performance for the ORR. The ORR activity of the obtained materials could be surprisingly high. 

Zhu et al. prepared the FePtCu nanorods (NRs) with FeCu/Pt core/shell morphology. The obtained 

nanorods exhibited much higher specific mass activity than the commercial Pt in 0.1M HClO4, which 

was ascribed to the shifted d-band of Pt coming from the interaction with Fe and Cu. Another 

important reason for this was the fact that almost all Pt was dispersed on the surface of the nanorods 

rather than hidden in the core.89 Carpenter et al. synthesized the PtNi nano-octahedra particles with a 

predominant (111) facet exposed. As mentioned before, the (111) facet of Pt was the most active facet 

of crystal Pt in the HClO4 solution. The resulting ORR performance of PtNi NPs was around 4 times 

fold as that of the commercial Pt particles in 0.1M HClO4.89 Inspired by the outstanding ORR 

performance of Pt-transition metal alloys reported, a series of studies based on the ORR activity 

analysis of Pt-transition metal alloys were conducted. It was found that the alloying treatment could 

drastically increase the ORR activity of Pt. Basically, these improvements can be explained by the 

change of the strain of the Pt skin caused by the metal core beneath with a smaller lattice constant, the 

shift of the d-band and more exposure of the most active (111) facet. The comparison of the power 
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densities to ORR of the Pt-transition metal was summarized in Fig. 2.13. However, with up to 75% of 

Pt in the Pt-transition metal composites, the Pt loading is still very high. Therefore, there is still a 

room to reduce the loading percentage of Pt in the Pt-transition metal composites. 

 

Fig. 2.18 Comparison of the power densities to the fuel cell of different Pt-transition metals.95 

2.7.2.2 Transition metal-based catalysts 

Though alloying with other metal elements can bring down the loading amount of Pt, some may 

even significantly enhance the catalytic activity, it is still not enough for the large-scale implantation 

of the fuel cells. It would be much preferable to find the comparably efficient yet much cheaper and 

more stable materials to replace Pt. 

Based on the calculation result by Sabatier, the transition metal elements are also bestowed great 

potential as the efficient catalysts for ORR. However, though several transition metal compounds 

have been found to be active for ORR, such as cobalt phthalocyanine96 and vitamin B1297, their 

performance is usually far worse than that of Pt owing to predominantly proceeding through a partial 

reduction pathway. 

Liang et al. 98 used a two-step hydrothermal method to grow the MnCo2O4 NPs on the surface of 

the mildly reduced graphene sheets. The obtained materials displayed very high ORR activity that was 

comparable to Pt. X-ray absorption near edge structure (XANES) result showed that the MnCo2O4 

NPs were bound with the graphene sheet covalently via the Co-O-C and Co-N-C bonds. The covalent 

force between the MnCo2O4 NPs and the graphene substrate ensured the stability of the resulting 
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materials by preventing the agglomeration of the NPs. The peak current was maintained for 20,000 s 

while a 30% current drop was observed for the commercial Pt. The analysis of the Tafel slope, which 

was closely related to the reaction mechanism, showed the rate-determine step was the protonation of 

the adsorbed oxygen molecules instead of the adsorption process itself. In accordance with DFT 

studies by Kuttiyiel et al.87, this change implied a downward shift of the d-band compared with Pt. 

Deng et al.99 encapsulated the iron NPs into N-doped carbon nanotube sintering the mixture of 

ferrocene and sodium azide in the nitrogen atmosphere. The resulting materials displayed the "pea-

pod" structure where the "iron pea" (around 5 nm) was surrounded by the graphitic “pod walls” 

comprised by 1 to 8 atomic layers. XANES result indicated the iron particles were in the metallic 

form, different from the common-seen oxidized state. The carbon-encapsulating layer was firm and 

solid enough to isolate the "iron pea" from the outside surrounding, rendering ultrahigh stability of the 

obtained materials in the working condition, with a negligible drop of the current density after being 

tested for 250 h. The high activity was further explored by means of the DFT study. There were 1.45 

electrons transferring from the iron particles to the outside carbon layer, leading to a negative shift of 

the oxygen adsorption energy on the surface of the carbon layer. The modified surface electron 

structure of the carbon layer was reckoned to be responsible for the improved activity. 

The activity for ORR of the same materials can be dramatically different due to the difference of 

the reaction mechanisms in acid and alkaline conditions100, 101. Pt shows slightly better performance in 

the acid media (HClO4 solution) than in the alkaline media (KOH solution). However, for the 

transition-metal-based materials, the activity in the acid media is much inferior due to the dissolution 

problem. For example, Fe3C was attested to be effective for ORR in the alkaline and neutral media. 

However, the activity was largely limited because of the dissolution of Fe3C in the acid. In this regard, 

Hu et al.102 recently have demonstrated that the carbon layer outside of the Fe3C could effectively 

protect Fe3C from dissolution in the acid media, without decreasing the high activity of Fe3C. 

Inspired by the biological system, phthalocyanine cobalt103 and another porphyrin-like transition 

metal compounds104-106 have long been found to be active for ORR. However, they usually delivered 

fairly low exchange current densities and proceeded through the partial reduction pathway due to the 

restrictions from the low conductivity of these compounds. The active center of these porphyrin-like 
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transition metal compounds was generally considered to be the metal-N coordinated moiety, similar to 

what happened in the biological system, though in a simplified way. Surprisingly, it was found that 

after being calcified at the high temperature with the protection of inert gas (e.g. Ar), the ORR activity 

was significantly improved, though the perfect metal-N coordinated structure was damaged during the 

process of heat treatment. Furthermore, some of these resultant heat-treated transition metal-Nx 

materials loaded on the carbon were very active in the acid media with high stability, which is a huge 

improvement in the field of fuel cells.  

Dombrovskis et al.107 employed silica as template and Co/Fe salts and furfuryl amine as the 

precursors to prepare the transition metal ion chelating ordered nitrogen doped mesoporous carbon 

catalysts. The obtained catalysts exhibited high activity to ORR in the acid media, especially the iron 

incorporated material displaying up to 1/3 of the specific activity compared with Pt in the single cell 

PEMFC test. The extended X-ray absorption fine structure (EXAFS) test implied the transition metal 

embedded within the carbon structure was in the oxidized state rather in metallic form, which was 

thought to account for the high ORR activity in the acid media.  

 

Fig. 2.19 The TEM image of Fe3C (top) and its relevant ORR performance. a) and b) The ORR LSV 

curves before and after 4500 cycles of Fe3C/C (obtained at different temperatures) and Pt/C in 0.5 M 

H2SO4.102 
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2.7.2.3 Metal-free catalysts  

To further reduce the catalyst cost, research on metal-free catalysts, mostly carbon-based 

materials, are popularized in these years. Many merits are bound with carbon-based materials, such as 

easily manipulated structure and composition, robust nature in the harsh condition and high 

conductivities, etc. It was found even pure amorphous carbon manifested detectable activity towards 

ORR.  

Doping is one very effective way to modify the electron structure of carbon. Various types of 

doping have been found to be effective to improve the ORR activity of the carbon material. Gong et 

al.108 published the first paper regarding the nitrogen-doped carbon nanotubes. They prepared the 

vertically aligned nitrogen-containing carbon nanotubes by pyrolysis of iron (II) phthalocyanine. 

After completely removing the iron residues, the nitrogen-doped carbon nanotubes was obtained with 

high electrocatalytic activity for ORR in the 0.1 M KOH solution. A steady-state output potential of –

80 mV and a current density of 4.1 mA/cm2 was observed at –0.22 volts in the alkaline fuel cell test, 

compared with –85 mV and 1.1 mA/cm2 at –0.20 volts for a platinum-carbon electrode. The 

fascinating result is contradicted to the conventional thinking that only the metal-based center could 

work as the active center for the ORR. Their work has shed light on a new path towards the 

exploration of low-cost and efficient ORR catalyst.  

 Qu et al.  109 prepared the nitrogen-doped graphene by treating graphene sheets with NH3 at the 

high temperature. The resultant nitrogen-doped graphene showed comparable onset potential with Pt 

and higher specific activity than Pt. The presence of nitrogen was confirmed by EDX and XPS. 

Quantum mechanics calculations showed that the carbon whose electrons were withdrawn by the 

adjacent nitrogen with more negative electronegativity was responsible for the high activity  

Guo et al.110 investigated the active sites of nitrogen-doped carbon materials by analyzing the 

activity of the constructed carbon materials doped with selectively different types of nitrogen. The 

investigated sample was prepared by treatment of the highly oriented pyrolytic graphite with Ar+ 

etching followed by nitrogen doping at high-temperature. The nitrogen type and purity were identified 

by XPS analysis. It was found that the carbon materials with pyridinic nitrogen were the highly active 
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catalyst compared with other counterparts. With the help of carbon dioxide adsorption experiments, 

the active sites were confirmed to be the carbon next to the pyridinic nitrogen that exhibited the Lewis 

basicity.  

 

Fig. 2.20 The image of N-graphene (left) and its corresponding ORR performance in 0.1 M KOH 

solution comparing with graphene and Pt/C.109 

2.8 Summary of OER and ORR  

Both OER and ORR are proton-coupled electron transfer reactions, leading to a complicated 

reaction mechanism. To reduce the non-neglectable overopentials in the involved energy devices and 

promote the sluggish reaction kinetics, it is highly important and necessary for the in-depth 

exploration and understanding of the reaction mechanism to facilitate the fabrication of the optimal 

electrocatalyst with desirable catalytic performance and affordable cost. As for the current status of 

the electrocatalysts, the noble-metal based materials like Pt and Ir are efficient but too expensive for 

large-scale application. Transition metal-based materials have demonstrated high activities, but are 

still inferior to the noble-metal based catalysts. Carbon-based metal-free electrocatalysts offer a new 

perspective to this problem. Nevertheless, the less-satisfying activity and low stability in the operando 

condition have largely hindered the development of carbon-based electrocatalysts. Furthermore, 

another non-negligible issue regarding the metal-free electrocatalysts is the possible existence of the 

metal element with trace amount, which could play vitally but fail to be detected by the current 

characterization methods like XPS and XRD. Therefore, it is still challenging to further enhance the 

activity of the metal free catalysts as well as develop the related elaborate techniques to probe the 

active sites in them.  
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It is not hard to discern that graphene has been widely employed to fabricate the electrocatalyst 

for ORR and OER, either as the conductive substrate to couple with other active materials or 

participate into the reaction process after doping. In fact, during the preparation process of the 

graphene-based OER/ORR electrocatalyst, it has also been noticed that the final performance can be 

greatly affected by the status of the prepared graphene (or graphene oxide). Therefore, a thorough 

understanding of the properties of graphene and the exploration of the related effective approaches for 

its chemical modification would essentially prompt the advancement of graphene-based OER/ORR 

electrocatalysts as well as their implementations in the ZABs and fuel cells.  

 In view of above review, the following section focuses on the development of graphene and 

graphene oxide in regard to their preparation, modification methods and potential applications in the 

field of electrochemistry. 

2.9 Characterization techniques 

To better understand the morphology and structural feature of the obtained materials, a series of 

physical characterization methods are required to be performed with the aid of technical instruments. 

The required characterizations were conducted in the Centre for Clean Environment and Energy 

(CCEE), the QLD Micro and Nanotechnology center (QMNC), National Center for Nanoscience and 

Technology (NCNST, China) and Institute of Physics CAS, China. For a better understanding of the 

characterization result, a brief introduction to each technique is separately addressed below. 

2.9.1 Scanning electron microscope (SEM) 

Scanning electron microscope is one kind of electron microscope that uses a focused beam of 

electrons to scan the surface of a sample for the image formation. The topography and composition of 

the sample’s surface are imaged via the signal produced from the interaction between the electrons 

and the atoms of the sample.  

For the frequently used SEM mode, the signal detected is generated from the secondary electrons 

emitted by the atoms excited by the electron beam. The intensity of the secondary electrons that can 

be detected largely depends on the morphology of the sample’s surface. The topography of the 
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sample’s surface can be imaged after the collecting signal is processed with a special detector. The 

resolution of SEM can reach up to 1 nm.  

The sample is evaluated in the ultrahigh vacuum condition for the traditional SEM, while more 

advanced SEM has been developed that is able to observe samples in low vacuum and wet conditions 

at a wide range of cryogenic or elevated temperatures with specialized instruments.  

2.9.2 Transmission electron microscope (TEM) 

Transmission electron microscope is an electron microscope technique that requires the intensity 

of the beam strong enough to penetrate the specimen to demonstrate its morphological image. The 

image is formed via the interaction between the specimen and the beam light which demands the 

thickness of the sample is less than 100 nm as the beam is supposed to transmit through the specimen. 

The image is usually magnified and focused on an imaging device, such as a fluorescent screen, a 

layer of photographic film, or a sensor e.g. a charge-coupled device. 

The resolution of the TEM is usually higher than most of the other electron microscopes, which 

allows the observation of the nanocluster that is composed of several atoms.  At the low magnification, 

the contrast is mainly caused by the differential absorption of electrons due to the difference of the 

thickness and compositions. At the high resolution, the image is modulated by the complex wave 

interactions, which require the expert analysis. Owing to the high resolution and alternate imaging 

abilities, TEM is widely used in the application of chemistry identity, electronic structure and sample 

induced electron phase shift as well as the regular absorption based imaging. 

2.9.3 X-Ray Diffraction (XRD) 

X-Ray Diffraction is a technique that uses the x-ray beam to interact with the specimen for the 

detailed information of their structure, composition, and the configuration of the inside atoms or 

molecules. 

Determined by Bragg’s law (2dsinθ = nλ, d is the spacing between diffracting planes, θ is the 

incident angle, n is any integer, and λ is the wavelength of the beam). After penetrating a crystal, the 

incident beam waves would undergo different changes. Some emergent beam waves add 
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constructively in some specific directions though in most directions they would cancel each other. 

Thus only in certain directions, the wave signal could be amplified while the wave signal in the other 

directions would vanish, which would lead to a final diffraction pattern by projecting the emergent 

beam waves. The atomic structure and configuration can be interpreted via the analysis of the 

diffraction pattern of the spherical waves. Combined with Fourier transform and other related 

chemical information, a three dimensional model of the density of electrons within the specimen is 

constructed. Various kinds of XRD have been developed for the analysis of different kinds of sample, 

such methods include fiber diffraction, powder diffraction and (if the sample is not crystallized) 

small-angle X-ray scattering (SAXS). If the material under investigation is only available in the form 

of nanocrystalline powders or suffers from poor crystallinity, the methods of electron crystallography 

can be applied to determine the atomic structure. 

2.9.4 Raman spectroscopy  

Raman spectroscopy is a technique that uses the vibrational, rotational, and other low-frequency 

modes to identify the structural fingerprint of the molecules. Normally, a laser beam is applied to 

illuminate the sample where the electromagnetic radiation from the illuminated spot is collected with 

a lens and sent through a monochromator. Only inelastic scattering is ought to be collected while the 

elastic scattering is filtered out.  

Spontaneous Raman scattering is typically very weak, and as a result, the main difficulty in the 

Raman spectroscopy is separating the weak inelastically scattered light from the intense Rayleigh 

scattered laser light. The advanced types of Raman spectroscopy include surface-enhanced Raman, 

resonance Raman, tip-enhanced Raman, polarized Raman, stimulated Raman (analogous to stimulated 

emission), transmission Raman, spatially offset Raman, and hyper Raman. 

2.9.5 Brunauer-Emmett-Teller(BET) Surface Area Analysis  

The BET surface area analysis is based on the Brunauer-Emmett-Teller theory that intends to 

explain the physical adsorption behavior of the gas molecules on the solid material’s surface and can 

be used to calculate the specific surface area of the solid material. The probing gas is required to be 
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chemically inert to work as the adsorbate to quantify the surface area.  Nitrogen is the most commonly 

employed gaseous adsorbate that is also the reason that the BET test is usually conducted at the 

temperature of 77 K (the boiling point of nitrogen). Other than the specific surface area, the BET 

analysis can also determine the pore size distribution. 

2.9.6 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy is a surface-sensitive quantitative spectroscopic technique that 

uses a beam of X-ray to irritate the surface of the material. The depth of the material that can be 

irritated by the X-ray beam is around 0-10 nm and the ultra-high vacuum condition is usually required.  

The XPS data normally is need of peak identification and deconvolution. The deconvolution 

peak number generated by one element varies from 1 to more than 20. The table of binding energy 

used as the fingerprint of the specific element is collected for the reference to identify the unknown 

elements in the specimen. The peak fitting is normally affected by the practical condition of the 

instrument and sample wherein the sophisticated and professional knowledge are usually required for 

the suitable peak fitting.  

2.9.7 Atomic force microscopy (AFM) 

The atomic force microscopy (AFM) is a high-resolution scanning probe microscopy with 

demonstrating resolution up to nanometer, notably superior to that of the optical diffraction limit. The 

AFM could be applied for the force measurement, imaging, and manipulation by varying the working 

mode. The cantilever, made of silicon or silicon nitride, assembled with a sharp tip works to scan the 

surface of the specimen. Normally, the working mode of the AFM can be classified into the static 

(contact) mode and tapping (non-contact) mode based on the actual working status between the tip 

and the specimen surface.  

Unlike the electron microscope (e.g. TEM and SEM), the AFM technique can provide a three-

dimensional surface profile information, which is more close to the real condition of the sample. 

Furthermore, the pre-treatment of the specimen is much easier than that in the electron microscope, 

without the requirement of metal or carbon coating, which would potentially cause the irreversible 
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damage to the sample surface. Furthermore, in contrast to the electron microscope techniques, the 

working environment of AFM is rather simple, in the ambient or even liquid condition, without 

special vacuum requirement. A series of optical instruments could also combine with the AFM for 

more sophisticated functions, expanding the working field of AFM to photovoltaics, polymer sciences, 

and nanotechnology.  

2.10 Electrochemical evaluations 

2.10.1 ORR test 

The electrochemical studies of ORR were carried out with a standard three-electrode using a CH 

instrument 760D atroom temperature. Six mg of testing sample (or 4 mg of Pt/C, 20%) was 

homogeneously dispersed in the solution containing 700 μL of Milli-Q water, 250 μL of absolute 

ethanol, 50 μL of Nafion (5 wt%) by sonication for at least 30 min. Then 10 μL of the obtained ink 

was drop cast on the surface of the rotating disk electrode (RDE, 5 mm in diameter, PINE company) 

and dried in the ambient condition. For all the electrochemical evaluation of ORR, a standard testing 

system was employed where a graphitic rod was used as the counter electrode, Ag/AgCl saturated 

with KCl aqueous solution worked as the reference electrode in the acid media (Hg/HgO filled with 

1M NaOH for the alkaline condition). Any working glassy carbon electrode used in the ORR was 

polished with the alumina slurry (0.3 μm and 0.05 μm in sequence) followed by washing with 

adequate amount of deionized water and ethanol to get a clean surface. All the obtained 

electrochemical data were calibrated and converted to the reversible hydrogen electrode (RHE) 

according to the Nernst equation mentioned above. 

For the evaluation of the LSV polarization curves, oxygen gas was pre-purged into the 

electrolyte for half an hour to saturate the solution. The working electrode was firstly activated for 

several circles until the curve is stable to get rid of the contamination on the surface. The LSV 

polarization curves were recorded at different rotating speed (400 rpm, 625 rpm, 900 rpm, 1225 rpm, 

1600 rpm and 2025 rpm) with the scanning rate of 10 mV/s from 0 V to 1.1 V (verse RHE).  The 

transfer number of the ORR was calculated by the Koutecky–Levich equations: 
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where jK , jL and j represent the kinetic current density, diffusion-limiting current density and 

measured current density, respectively;  is the angular velosity of the disk; F is the Faraday constant 

(F=96485 C/mol); n is the overall electron transfer number during the ORR; D0 is the diffusion 

coefficient of O2 in the electrolyte (1.9  10-5 cm2/s); C0 is  

the bulk concentration of oxygen (1.2  10-6 mol/L);  is the kinematic viscosity of the electrolyte, 

and k is the electron transfer rate constant.  

Rotating ring-disk electrode (RRDE) voltammograms were also performed to monitor the 

content of the formed peroxide intermediates and the electron transfer number during the overall ORR. 

The current was recorded at the scanning rate of 10 mV/s while the potential of the ring electrode was 

held at 1.3V (vs. RHE). The calculation of the percentage of the hydrogen peroxide generated and 

electron transfer number during the reaction was based on the following equations: 

%H2O2 = 100
2𝐼𝑟/𝑁

𝐼𝑑 + (
𝐼𝑟
𝑁)

 

𝑛 = 4
𝐼𝑑

𝐼𝑑 + 𝐼𝑟/𝑁
 

 

where Id is the Faradaic current on the disk, Ir is the Faradaic current at the ring and N is the collection 

coefficiency (0.37) of the ring electrode. 

The electrochemical impedance spectroscopy (EIS) was measured at 0.7 V (vs. RHE) with the 

rotating speed of 1600 rpm. The data was collected by the frequency sweeping from 10 kHz to 10 Hz 

at 10 points per decade. The resulting EIS data were fitted with the Zview software. 
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2.10.2 OER test 

For the OER measurement, 4.0 mg of the catalyst was homogeneously dispersed in the solvent 

containing 700 μL of Milli-Q water, 250 μL of absolute ethanol, 50 μL of Nafion (5%) followed by 

treatment of sonication for at least 30 min. Prior to the test, the rotating dish electrode (RDE, 5 mm in 

diameter, Pine instrument) was fully polished with 0.3 μm and 0.05 μm alumina slurry in sequence 

and then rinsed with a large amount of deionized water and ethanol. The electrode was dried with the 

nitrogen gas stream. 10.0 μL of the catalyst ink was evenly drop-casted on the surface of the RDE and 

then dried in the air to form a uniform layer (loading 0.2 mg/cm2). All the electrochemical studies 

were carried out with the standard three-electrode system where a graphitic rod was used as the 

counter electrode, Hg/HgO (1.0 M NaOH) worked as the reference electrode.  The data were recorded 

using the CHI 760D electrochemical workstation (CH instrument, USA). All the potential values 

studied were calibrated and converted to the reversible hydrogen electrode (RHE) scale in accordance 

with the Nernst equation as discussed above.  

Continuous oxygen gas flow was maintained throughout the overall test to ensure the O2/H2O 

equilibrium at 1.23 V (vs. RHE). The LSV curves were recorded at the scan rate of 5 mV/s to 

minimize the capacitive current. The working electrode was cycled in the electrolyte until a stable 

polarization curve was obtained. The obtained LSV curves were corrected with 95% iR-compensation. 

The electrochemical impedance spectroscopy (EIS) was performed with a CHI 760D 

electrochemical workstation (CH instrument, USA). The EIS was measured at the operating potential 

of 1.55 V (vs. RHE) while the rotating speed maintained at 1600 rpm. The data were recorded by 

sweeping the frequency from 10 kHz to 1 kHz at 10 points per decade. 
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ering of Ni–/Co–porphyrin
multilayers on reduced graphene oxide sheets as
bifunctional catalysts for oxygen evolution and
oxygen reduction reactions†

Jiqing Sun,ac Huajie Yin,b Porun Liu,b Yun Wang,b Xiangdong Yao,*a Zhiyong Tang*bc

and Huijun Zhaob

Ni– and Co–porphyrin multilayers on reduced graphene oxide (rGO) sheets are reported as novel

bifunctional catalysts for the oxygen evolution reaction (OER) and the oxygen reduction reaction (ORR).

After binding with organic porphyrin molecules, the catalytically-active Ni2+ and Co2+ ions are

periodically constructed onto the rGO surfaces via the layer-by-layer (LBL) assembly technique. The

resulting catalysts exhibit good performance towards both OER and ORR, which is achieved with

accurate control of the composition and thickness of the multilayer structures. This work highlights the

potential for the fabrication of efficient electrocatalysts via molecular design.
Introduction

The shortage of fossil fuels and the daily growth of environ-
mental pollutants call for sustainable energy solutions.1–3

Among many different ways to use energy, the hydrogen cycle is
broadly deemed as the most promising conversion method due
to its high energy density, renewable source and zero emis-
sion.3–5 Electrochemistry plays a key role in the hydrogen cycle,
e.g. the conversion of electrical energy into chemical energy
(water splitting) and the reverse utilization of stored chemical
energy (fuel cells).3,5 Typically, water splitting involves two half
reactions, named as the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER); while fuel cells experience
the reverse process, called the hydrogen oxidation reaction
(HOR) and the oxygen reduction reaction (ORR). It is worth
pointing out that in both water splitting and fuel cells, the
reactions involving oxygen (OER and ORR) are the rate-limiting
processes, due to their complex four-electron process and
kinetically sluggish nature.6,7 Therefore, a large overpotential is
Centre, Griffith University, Nathan,

griffith.edu.au

Griffith University, Gold Coast Campus,

rchical Fabrication, National Center for

0, P. R. China. E-mail: zytang@nanoctr.

(ESI) available: Characterization of
r related materials; electrocatalytic
PP)n and other related materials. See
generally needed to implement both OER and ORR, leading to
a low energy conversion efficiency.8

The search for high performance catalysts to reduce the
overpotential thus becomes imperative in the electrochemistry-
driven hydrogen cycle. Noble metals and noble metal oxides
have been found to possess the best catalytic activities for ORR
and OER; however, their scarcity, high cost and low durability
render them barely economically viable.9–11 Alternatively,
inspired by the effective oxygen-involving reactions in biological
systems, rst-row transition metal compounds have received
increasing interest owing to their enzyme-like active centers,
rich abundance and cheap price.12–14 Unfortunately, due to the
lack of exibility of the active centers in the rigid inorganic
compounds, currently reported catalysts suffer from a rather
low performance.15 In comparison, in biological systems, the
transition metal ions are always coordinated with organic small
molecules, acting as the active centers for the oxygen-involving
reactions.

Herein, we suggest that the layer-by-layer (LBL) growth of
Ni–/Co–porphyrin complexes on reduced graphene oxide (rGO)
sheets will result in good catalyst candidates for both OER and
ORR in the hydrogen cycle. The corresponding reasons are
summarized as follows. (1) The structure of transition metal–
porphyrin complexes is very similar to that of the active centers
in enzymes.16–18 However, although high catalytic activities of
transition metal–porphyrin complexes are postulated by theo-
retical calculations, experimental studies of transition metal–
porphyrin complexes are only focused on their application in
ORR19 and very few reports investigate OER.20 Obviously,
a bifunctional catalyst, which can efficiently decrease the over-
potential of both ORR and OER, and which is cost effective with
This journal is © The Royal Society of Chemistry 2016
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simple operation, is highly desirable. (2) rGO has been exten-
sively employed as a building substrate, because of its extraor-
dinary specic surface area,21,22 high conductivity and
electrochemically-inert nature. Furthermore, when the transi-
tion metal–porphyrin multilayers are adsorbed, the GO sheet
substrates can immobilize the as-fabricated composites via
strong p–p stacking and van der Waals forces.23–25 (3) The LBL
growth method allows the accurate structural control of the
transition metal–porphyrin complexes at the molecular
level.26,27 The LBL assembly technique has been broadly recog-
nized as a prominent method to construct functional nano-
structures due to the ease of preparation, its versatility of
incorporating different molecules and its precision in compo-
nent arrangement.28–31 Both ORR and OER are known as
complex four-electron processes coupled with proton addition
or removal, and their reaction routes are generally opposite.
Hence, to nd a catalyst capable for effectively catalyzing both
OER and ORR is a great challenge. Molecular engineering via
LBL offers the unique opportunity to tune and balance the
activity of transition metal–porphyrin catalysts involved with
ORR and OER. (4) Co–/Ni–porphyrin complexes on rGO sheets
possess a distinct thickness, structure and arrangement,
providing an ideal model for understanding the origin of the
catalytic activity.

Scheme 1 outlines the preparation process of Ni2+/Co2+ and
5,10,15,20-tetrakis(4-hydroxyphenyl) porphyrin (THPP) coordi-
nation complexes onto the rGO sheets via the LBL assembly
technique. Firstly, the electrostatic attraction between Ni2+ and
the oxygen-containing functional groups allows Ni2+ ions to be
rmly absorbed on the GO sheet surfaces.32 Aer eliminating
the excessive Ni2+ ions via centrifugation and re-dispersion in
pure water, a THPP ethanol solution is introduced. Owing to the
coordinate interaction between Ni2+ and the conjugate rings of
the THPP molecules, as well as the p–p stacking and van der
Waals forces between the THPP molecules and GO,33,34 the
THPP molecules spontaneously absorb on the GO sheets to
form a uniform layer. Subsequently, aer washing with pure
water several times to remove the excessive THPP molecules,
Co2+ ions are added into the THPP/Ni2+ modied GO solution.
These Co2+ ions interact with the conjugate rings of the
Scheme 1 Preparation procedure of rGO/(Ni2+/THPP/Co2+/THPP)n.

This journal is © The Royal Society of Chemistry 2016
absorbed THPP molecules and further function as linkages to
the THPP molecules added next. Repeating the above process,
Ni2+/THPP/Co2+/THPP is successively incorporated into the
building of the multilayer structures, which are called GO/(Ni2+/
THPP/Co2+/THPP)n (n stands for the cycle number).35 Finally, in
order to improve the conductivity of the products, the GO/(Ni2+/
THPP/Co2+/THPP)n samples are reduced with hydrazine in
ammonia solution to obtain rGO/(Ni2+/THPP/Co2+/THPP)n.36
Experimental
Materials and instrumentation

5,10,15,20-Tetrakis(4-hydroxyphenyl) porphyrin, CoCl2$6H2O,
NiCl2$6H2O, ethanol, KOH, carbon supported Ir (20 wt% Ir)
(Ir/C), carbon supported Pt (20 wt% Pt) (Pt/C) and Naon
solution (5 wt%) were all purchased from the Sigma Company.
All the chemicals were analytical grade (A.R.) in purity and used
as received. Ultrapure water was obtained from a nanopure
water system (18.2 MU cm, Thermo Scientic Barnstead) and
used during the entire experiment.

Transmission electron microscopy (TEM) imaging and
energy dispersive X-ray spectroscopy (EDX) were carried out on
a FEI Tecnai G2 F20 electron microscope operated at 200 kV
with the soware package for automated electron tomography.
Scanning electron microscopy (SEM) images were recorded with
Hitachi S4800 eld emission scanning electron microscope at
10 kV. X-ray photon spectroscopy (XPS) results were achieved by
using a Thermo Scientic ESCALAB 250 Xi XPS system with the
analysis chamber being 1.5 � 10�9 mbar and the size of X-ray
spot being 500 mm.
Synthesis

Graphene oxide (GO) was prepared following the typical
Hummers method.37 Then, 50 mg GO was well dissolved into
200 mL deionized water, and 1 mL 100 mM NiCl2 solution was
added to the GO solution. Aer magnetically stirring for 3 h, the
obtained solution was treated by repetitive centrifugation and
washing with pure water to remove excess Ni2+. Subsequently,
the puried GO/Ni2+ products were re-dispersed in pure water,
Chem. Sci., 2016, 7, 5640–5646 | 5641
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and 1 mL 5 mM THPP ethanol solution was added. Aer
magnetically stirring for 12 h, the mixed solution was succes-
sively washed by water twice to get rid of the excess THPP
molecules. As a result, the rst layer of Ni2+/THPP was formed
on the GO sheets. For the absorption of the Co2+/THPP layer, all
the procedure was the same except that NiCl2 was substituted
with 1 mL 100 mM CoCl2. To obtain GO/(Ni2+/THPP/Co2+/
THPP)n, the aforementioned layer absorption steps were
repeated n times. The nal product was obtained when GO/
(Ni2+/THPP/Co2+/THPP)n was reduced in the presence of
hydrazine hydrate and ammonia.36

The samples of rGO/(Ni2+/THPP)n and rGO/(Co2+/THPP)n
were separately synthesized following the same routine except
that only one type of metal ions were introduced.
Fig. 1 (a) UV/Vis absorption spectra of GO/THPP, GO/(Co2+/THPP)
and GO/(Ni2+/THPP). (b) UV/Vis absorption spectra of rGO/(Ni2+/
THPP/Co2+/THPP)n (n¼ 2, 4, 6, 8, 10, 12). Insert: relationship of UV/Vis
absorption intensity at 425 nm with increase in cycle number. (c) UV/
Vis absorption spectra of GO/(Ni2+/THPP/Co2+/THPP)8 (before
reduction) and rGO/(Ni2+/THPP/Co2+/THPP)8 (after reduction). (d)
Solution of rGO/(Ni2+/THPP/Co2+/THPP)8 (left) and rGO (right) after
being stored under ambient conditions for 5 months.
Electrochemical measurements

Oxygen evolution reaction. All the electrochemical studies
were carried out with a standard three electrode system using
a CHI 760D electrochemical workstation (CH Instruments, USA)
at room temperature. A Pt wire (4 ¼ 0.5 mm) worked as the
counter electrode and an Ag/AgCl electrode saturated with KCl
was used as the reference electrode. The reference was calibrated
against and was converted to the reversible hydrogen electrode
(RHE) according to the Nernst equation.38 The measurement was
carried out by a rotating disk electrode (RDE) with a diameter of
5 mm. The electrode was fully polished by alumina slurry
(1.0 mm, 0.3 mm and 0.05 mm) in sequence in advance.

To prepare the catalyst ink, 1 mL catalyst solution (0.25 mg
L�1) was added to 30 mL 5 wt% Naon solution, which was well
mixed aer 30 min ultrasonication. 10 mL of the catalytic ink
was then taken out to evenly drop onto the surface of the RDE
followed by drying at room temperature.

All the linear sweep voltammetry (LSV) examinations on OER
were recorded at a sweeping rate of 5mV s�1 and rotating speed of
1600 rpm, aer the tested materials were subjected to cyclic vol-
tammetry (CV) at a sweeping rate of 5 mV s�1 and rotating speed
of 1600 rpm for 100 cycles to get a stable CV curve. The electrolyte
in use for all of the OER related assays was 1 M KOH solution.

LSV was also performed at a scanning rate of 0.1 mV s�1 to
achieve a Tafel plot. The tested material was subjected to CV for
�100 cycles to get a stable CV curve. Chronopotentiometry was
carried out under a constant current density of 10 mA cm�2. All
the experiments involving RDE were performed with the
working electrode rotating at the speed of 1600 rpm to diminish
the deviation caused by the generated oxygen bubbles.

Oxygen reduction reaction. Preparation of the catalytic ink
for the ORR test was the same as for the OER test mentioned
above. The electrolyte employed for the ORR test was 0.1 M KOH
solution pre-saturated with oxygen by continuously purging
with oxygen gas for 15 min. 10 mL catalytic ink was evenly
dropped onto the surface of the RDE followed by drying at room
temperature. The electrode was then subjected to potential
cycling between �1.0 V and 0.2 V at 50 mV s�1 in the oxygen-
saturated electrolyte till the CV curve was stable.

Koutecky–Levich plots (J�1 vs. u�1/2) were analysed at various
electrode potentials. The slopes of their linear t lines were
5642 | Chem. Sci., 2016, 7, 5640–5646
used to calculate the electron transfer number (n) based on the
Koutecky–Levich equation.

1

J
¼ 1

JL
þ 1

JK
¼ 1

Bu1=2
þ 1

JK
(1)

B ¼ 0.62nFC0(D0)
2/3n�1/6; JK ¼ nFkC0 (2)

where J is the measured current density, JK and JL are the
kinetic- and diffusion-limiting current densities, u is the
angular velocity, n is the transferred electron number, F is the
Faraday constant, C0 is the bulk concentration of O2, n is the
kinematic viscosity of the electrolyte, and k is the electron-
transfer rate constant.

Electrochemical impedance spectroscopy. The electro-
chemical impedance spectroscopy (EIS) tests were conducted
with a CHI 760D electrochemical workstation under ambient
conditions. For the OER, the EIS was measured at the operating
potential of 1.55 V (vs. RHE) in 1 M KOH solution with
a constant rotating speed of 1600 rpm. The impedance spectra
were recorded by sweeping the frequency from 10 kHz to 1 Hz at
10 points per decade to study OER. For ORR, the EIS was
measured at 0.7 V (vs. RHE) of each material in 0.1 M KOH
solution pre-saturated with oxygen gas with the electrode
stationary. The spectra were recorded by sweeping the
frequency from 10 kHz to 10 Hz at 10 points per decade to
investigate ORR. The obtained data were analysed via Zview
soware to get the tting result.
Results and discussion

UV/Vis absorption spectroscopy was used to investigate the
formation of GO/(Ni2+/THPP/Co2+/THPP)n (Fig. 1). Pure THPP
This journal is © The Royal Society of Chemistry 2016



Fig. 2 High-resolution XPS spectra of N 1s of THPP/Ni2+, THPP/Co2+,
GO/(Ni2+/THPP/Co2+/THPP)8 and rGO/(Ni2+/THPP/Co2+/THPP)8.
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ethanol solution displays ve characteristic absorption bands
(Fig. S1†), an intense Soret band at 413 nm and four Q-bands at
516, 554, 594, and 650 nm.30 Upon the direct adsorption of
THPP onto the GO sheets, a large red shi of the Soret band
from 413 nm to 452 nm is discerned (black curve in Fig. 1a),
which is ascribed to the distortion and attening of the THPP
molecules caused by their interaction with the GO sheets. The
driving force for the attening of the THPPmolecules should be
the electrostatic and p–p stacking interactions between GO,
Ni2+ (Co2+), and the THPP molecules.29,30,35 As for the samples of
GO/(Ni2+/THPP) or GO/(Co2+/THPP), besides the Soret band at
452 nm, a new peak appears at 425 nm (red and blue curves in
Fig. 1a), showing the coordination interaction between the
transition metal ions and the THPP molecules.29,36 Fig. 1b
further summarizes the growth process of GO/(Ni2+/THPP/Co2+/
THPP)n monitored by UV/Vis absorption spectra aer normal-
izing the absorption peak intensity of GO at 229 nm. It is clear
that the peak intensity of GO/(Ni2+/THPP/Co2+/THPP)n at 425
nm linearly increases with the multilayer number (insert in
Fig. 1b), whereas the peak at 452 nm is gradually hidden under
the peak at 425 nm. It is reasonable that the increasing amount
of transition metal ions and THPP molecules on the GO
surfaces screen the interaction between THPP and the GO
substrate. Nevertheless, the linear increase of the peak at
425 nm highlights the gradual and uniform growth of the
transition metal/THPP multilayers on the rGO substrate,
offering a unique opportunity to control the amount and
structure of catalysts at a molecular level.33,34,39,40 Both TEM and
SEM observations give direct evidence of the multilayer
uniformity (Fig. S2 and S3†), while the additional energy
dispersive X-ray spectroscopy (EDX) analysis also proves the
homogenous distribution of Ni, Co, N and C elements in the as-
prepared composites (Fig. S4†). The conversion of GO/(Ni2+/
THPP/Co2+/THPP)n to rGO/(Ni2+/THPP/Co2+/THPP)n is then
implemented via a reduction reaction, and the optical proper-
ties of the products are also studied by UV/Vis absorption
spectroscopy (Fig. 1c). The peak at 229 nm for GO/(Ni2+/THPP/
Co2+/THPP)8 is red shied to 266 nm aer reduction (red curve
in Fig. 1c), suggesting successful transformation of the
substrate GO to rGO.41 Note that a simultaneous red shi is also
distinguished on the THPP peak (from 425 nm to 450 nm),
which can be attributed to the improved energy and electron
transfer between the transition metal/THPP multilayers and the
rGO substrate.33,41,42 Another prominent feature of rGO/(Ni2+/
THPP/Co2+/THPP)n is its excellent stability in water, which can
keep well dispersed aer 5 months storage (Fig. 1d). In
comparison, the bare rGO sheets largely aggregate under the
same storage conditions. Such good water dispersion is critical
for the preparation of a uniform catalyst lm on the electrode
surface, and thus is benecial for the improvement of its elec-
trocatalytic performance.

The coordination interaction between the transition metal
ions and the THPP molecules in rGO/(Ni2+/THPP/Co2+/THPP)n
was elucidated by X-ray photoelectron spectroscopy (XPS).
Generally, there was only a slight change in the XPS spectra of
Co 2p, Ni 2p, O 1s and N 1s before and aer reduction revealing
the chemical robustness of the (Ni2+/THPP/Co2+/THPP)n
This journal is © The Royal Society of Chemistry 2016
multilayer lms (Fig. S5† and 2). It is noteworthy that,
compared with pure THPP molecules (Fig. S6†), new N 1s peaks
appear at 402.1 eV for Ni2+/THPP, Co2+/THPP, GO/(Ni2+/THPP/
Co2+/THPP)8 and rGO/(Ni2+/THPP/Co2+/THPP)8 (Fig. 2),
demonstrating the coordination interaction of the Ni2+ or Co2+

ions with N atoms in the THPP molecules. Interestingly, the
other two N 1s peaks at 398.1 eV and 400.1 eV corresponding to
free N atoms in the THPP molecules still exist in both GO/(Ni2+/
THPP/Co2+/THPP)8 and rGO/(Ni2+/THPP/Co2+/THPP)8, indi-
cating the incomplete coordination between the THPP mole-
cules and the transition metal ions in the multilayer structures.

The OER activity of the different rGO/(Ni2+/THPP/Co2+/THPP)n
samples was rstly evaluated in 1 M KOH solution with a stan-
dard three-electrode system, and the uncorrected raw OER
polarization curves are summarized in Fig. 3a. Evidently, the OER
catalytic activity gradually increases with the multilayer number
and reaches a maximum at n¼ 8, followed by a decrease with the
continuous deposition of more layers. Theoretically, the catalytic
activity is ameliorated with the increasing amount of the catalytic
active centers.43 However, owing to the hydrophobic nature of the
THPPmolecule, the increased absorption of the THPPmolecules
will produce diffusion obstacles of hydrophilic OH� substrates
into the inner layers. The balance between more active sites and
incremental hydrophobicity gives rise to the best catalytic activity
of rGO/(Ni2+/THPP/Co2+/THPP)8. Impressively, for rGO/(Ni2+/
THPP/Co2+/THPP)8, the onset potential is around 1.49 V vs.
reversible hydrogen electrode (RHE), while the potential at the
current density of 10 mA cm�2 is �1.56 V vs. RHE. Such high
catalytic activity of rGO/(Ni2+/THPP/Co2+/THPP)8 is comparable to
that of the state-of-the-art Ir/C catalyst (Fig. 3b). More interest-
ingly, rGO/(Ni2+/THPP/Co2+/THPP)8 exhibits even better kinetic
Chem. Sci., 2016, 7, 5640–5646 | 5643



Fig. 3 (a) LSV curves of rGO/(Ni2+/THPP/Co2+/THPP)n (n ¼ 2, 4, 6, 8,
10, 12) loaded on RDE in 1 M KOH at a sweep rate of 5 mV s�1 and an
electrode rotating speed of 1600 rpm. (b) LSV curves of rGO/(Ni2+/
THPP/Co2+/THPP)8 and Ir/C. (c) Tafel plot of rGO/(Ni2+/THPP/Co2+/
THPP)8 and Ir/C. (d) Chronopotentiometry curves rGO/(Ni2+/THPP/
Co2+/THPP)8 and Ir/C on RDE at a constant current density of 10 mA
cm�2.

Fig. 4 (a) LSV curves of rGO/(Ni2+/THPP/Co2+/THPP)n (n ¼ 2, 4, 6, 8,
10, 12) loaded on RDE in O2-saturated 0.1 M KOH at a sweep rate of 10
mV s�1 and an electrode rotating speed of 1600 rpm. (b) LSV on RDE of
rGO/(Ni2+/THPP/Co2+/THPP)8 in 0.1 M KOH solution with a sweep
rate of 10 mV s�1 at different rotating speeds. (c) Corresponding K–L
plots of rGO/(Ni2+/THPP/Co2+/THPP)8 (J�1 vs. u�0.5) at different
potentials. (d) LSV curves of rGO/(Ni2+/THPP/Co2+/THPP)8 and Pt/C in
0.1 M KOH at a sweep rate of 10 mV s�1 and an electrode rotating
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activity with a slope of 50.17 mV dec�1, (Fig. 3c), nearly half of
that of the Ir/C catalyst (87.23 mV dec�1) (Fig. 3c). The superior
kinetic activity is further highlighted by using electrochemical
impedance spectroscopy (EIS) to monitor the whole OER process
(Fig. S7†), which can be interpreted by the Armstrong–Henderson
equivalent circuit model (Fig. S8†).44–47 As summarized in Table
S1,† the variation trend of the OER charge transfer resistance (RP)
is consistent with that of the OER polarization curves, in which
rGO/(Ni2+/THPP/Co2+/THPP)8 exhibits the smallest value and
thus possesses the best kinetic performance during the OER
process.

The stability of rGO/(Ni2+/THPP/Co2+/THPP)8 was tested by
chronopotentiometry. The remarkable stability of the obtained
materials under the working conditions (biased galvanostati-
cally at 10 mA cm�2) can be discerned from the result shown in
Fig. 3d. The operating potential remains at 1.56 V and even
becomes lower for up to 20 000 s. In comparison, the obvious
decay of catalytic activity with increased overpotential is
observed for Ir/C. The superior stability demonstrates the
robust nature of the obtained catalyst, which can be assigned to
the excellent elasticity and exibility of the multilayers on the
rGO substrates.

The synergistic effect between various transition metals has
been reported for OER in recent years.48–51 In the transition
metal/THPP multilayer systems, rGO/(Ni2+/THPP)6, rGO/(Co

2+/
THPP)8 and rGO/(Ni2+/THPP/Co2+/THPP)8 display the best
catalytic activities, as demonstrated by their OER polarization
curves (Fig. S9–S11†). Notably, rGO/(Ni2+/THPP/Co2+/THPP)8
outperforms the other two types of materials with single metal
ion components (Fig. S11†), verifying the effective synergy
between Ni2+ and Co2+ in the multilayers. Such a synergistic
effect is further conrmed by altering the adsorption sequence
of the transitionmetal ions, and rGO/(Ni2+/THPP)4(Co

2+/THPP)4
5644 | Chem. Sci., 2016, 7, 5640–5646
shows an almost identical catalytic activity with respect to rGO/
(Ni2+/THPP/Co2+/THPP)8 (Fig. S12†).

Subsequent evaluation of the ORR electrocatalytic activity was
carried out by linear sweep voltammetry (LSV) in 0.1 M oxygen
pre-saturated KOH solution under a rotating speed of 1600 rpm
with a scanning rate of 10 mV s�1. The uncorrected raw LSV
curves are outlined in Fig. 4. Analogously to OER, the obtained
LSV curves of the different layers (Fig. 4a) exhibit a similar trend,
namely gradual increase and subsequent decrease of the ORR
catalytic activity. Impressively, the best ORR catalytic perfor-
mance is also found at rGO/(Ni2+/THPP/Co2+/THPP)8, for which
the onset potential is around 0.84 V (vs. RHE) and the limit
current density at 0.1 V (vs. RHE) is around �3.3 mA cm�2

(Fig. 4d). EIS is also employed to kinetically monitor the whole
ORR process at 0.7 V (vs. RHE) (Fig. S13†), and the obtained
curves are then interpreted by the equivalent circuit
(Fig. S14†).52,53 As listed in Table S2,† the value of reaction
resistance (R2) is varied with layer number, and a consistent trend
with the LSV measurement is recognized. The smallest R2 for
rGO/(Ni2+/THPP/Co2+/THPP)8 clearly identies that it has the best
kinetic performance during the ORR process. This result also
reveals that the catalytic activities of the transition metal/THPP
multilayers are determined by the balance between the accu-
mulated active centers and the increased diffusion obstacles.

To gain a deeper insight into the ORR catalytic activity,
rGO/(Ni2+/THPP/Co2+/THPP)8 was chosen to perform the LSV
curves (Fig. 4b) with a rotating disk electrode (RDE) at different
rotating speeds, namely 400, 650, 900, 1200, 1600 and 2200 rpm
with a sweep rate of 10 mV s�1. The electron-transfer number is
thus calculated between 0.45 V and 0.65 V (vs. RHE) from the
slope of the Koutecky–Levich (K–L) plots (Fig. 4c). The obtained
value is around 3.83, very close to commercial Pt/C, indicating
speed of 1600 rpm.

This journal is © The Royal Society of Chemistry 2016
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that the ORR at the rGO/(Ni2+/THPP/Co2+/THPP)8 electrode
proceeds by an approximate four-electron reduction pathway.40

The possible synergistic effect between Co and Ni was also
investigated for the ORR process. It is worth mentioning that, in
contrast to OER, the catalytic activities of rGO/(Ni2+/THPP/Co2+/
THPP)8, rGO/(Ni2+/THPP)8 and rGO/(Co2+/THPP)6 are rather
similar, suggesting a less synergistic effect between Co and Ni
for the ORR process (Fig. S15–S17†).
Conclusions

In summary, we have successfully synthesized a robust and
efficient bifunctional catalyst for OER and ORR via the LBL
method. The synthesis process is simple, but cost-effective,
environmentally-friendly and energy-saving without the
demand for high temperature and sophisticated equipment.
Signicantly, the obtained rGO/(Ni2+/THPP/Co2+/THPP)8
displays excellent electrocatalytic activity towards both OER and
ORR, which is comparable to state-of-the-art high performance
bifunctional catalysts (Table S3†). The high controllability of the
structure and catalytic activity bestowed by the molecular
engineering technique not only sheds light on the rational
design of atom-economic electrocatalysts, but also offers
a practical way to prepare bifunctional catalysts for many
important electrochemical applications including metal–air
batteries, water electrolysis and fuel cells. Future efforts will be
focused on shortening preparation duration, and the improving
scalability of these electrocatalysts for possible practical
applications.
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Part1. Characterization of rGO/(Ni2+/THPP/Co2+/THPP)n and other related 
materials 
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Figure S1. UV/Vis spectrum of free THPP molecules. Insert is the magnified part at wavelength from 

450 nm to 700 nm.



S3

Figure S2. TEM image of rGO/(Ni2+/THPP/Co2+/THPP)8.

Figure S2 demonstrates that (Ni2+/THPP/Co2+/THPP)8 is homogenously grown on the rGO 

sheets, and no obvious aggregates are observed.



S4

Figure S3. SEM image of rGO/(Ni2+/THPP/Co2+/THPP)8.

Figure S3 displays the uniform growth of (Ni2+/THPP/Co2+/THPP)8 on the rGO sheets in 

large scale.
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Figure S4. TEM and EDX image of rGO/(Ni2+/THPP/Co2+/THPP)8.

The energy dispersive X-ray spectroscopy (EDX) analysis proves the homogenous 

distribution of Ni, Co, N and C elements in as-prepared composites.
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Figure S5. High-resolution XPS spectra of a) Co 2p of GO/Co2+,  GO/(Ni2+/THPP/Co2+/THPP)8, and 

rGO/(Ni2+/THPP/Co2+/THPP)8, b) Ni 2p of GO/Ni2+, GO/(Ni2+/THPP/Co2+/THPP)8, and 

rGO/(Ni2+/THPP/Co2+/THPP)8, c) O 1s of THPP, GO/(Ni2+/THPP/Co2+/THPP)8, and 

rGO/(Ni2+/THPP/Co2+/THPP)8.

As shown in Figure S5, there is only slight change in the XPS spectra of Co 2p, Ni 2p and O 

1s before and after reduction, revealing the chemical robustness of the 

(Ni2+/THPP/Co2+/THPP)n multilayer films.
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Part2. Electrocatalytic performance of rGO/(Ni2+-THPP/Co2+–THPP)n and 

other related materials
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Figure S7. Nyquist plots (black diamonds) and the corresponding simulated results (red circles) of a) 

rGO/(Ni2+/THPP/Co2+/THPP)2, b) rGO/(Ni2+/THPP/Co2+/THPP)4, c) rGO/(Ni2+/THPP/Co2+/THPP)6, d) 

rGO/(Ni2+/THPP/Co2+/THPP)8, e) rGO/(Ni2+/THPP/Co2+/THPP)10, and f) 

rGO/(Ni2+/THPP/Co2+/THPP)12 at potential of 1.55V (vs. RHE) from 105 Hz - 1 Hz.



S9

Cdl

RΩ

RP RS

Cф

Figure S8. Armstrong-Henderson equivalent circuit model for oxygen evolution reaction.

In Figure S8, RΩ represents the uncompensated solution resistance (the electrolyte resistance) 

and Cdl models the double layer capacitance associated with the catalyst/electrolyte interface. 

RP denotes the OER charge transfer resistance. RS and Cф are the equivalent resistance and 

capacitance, respectively, associated with adsorption of intermediate.  

Note that CPE (constant phase element) is introduced to replace the pure capacitance in order 

to fix the frequency dispersion in the capacitive response of the electrochemical system that 

will cause a deviation from ideal capacitive behaviour.

 𝑍𝐶𝑃𝐸 = 𝐶𝛼 = 1
‒ 1(𝑗𝜔) ‒ 𝛼

Where C α=1 is the value of the capacitance without frequency dispersion and α represents the 

deviation from the ideal behaviour (α ≤ 1 for a physically reasonable situation and being 1 for 

the perfect capacitors).
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Figure S9. LSV curves of rGO/(Ni2+/THPP)n  (n = 2, 4, 6, 8, 10, 12) for the oxygen evolution reaction 

in 1 M KOH.

Figure S9 shows that rGO/(Ni2+/THPP)6 possesses the best OER catalytic activity 

among the rGO/(Ni2+/THPP)n samples.
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Figure S10. LSV curves of rGO/(Co2+/THPP)n  (n = 2, 4, 6, 8, 10, 12) for the oxygen evolution 

reaction in 1 M KOH.

Figure S10 shows that rGO/(Co2+/THPP)8 possesses the best OER catalytic activity 

among the rGO/(Co2+/THPP)n samples.
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Figure S11. LSV curves of rGO/(Ni2+/THPP/Co2+/THPP)8, rGO/(Ni2+/THPP)6 and rGO/( 

Co2+/THPP)8 in 1 M KOH electrolyte at rotating rate of 1600 rpm for OER.

As demonstrated in Figure S11, rGO/(Ni2+/THPP/Co2+/THPP)8 outperforms the other two 

types of materials with single metal ion component, verifying the synergetic effect between 

Ni2+ and Co2+ in the mutilayers. 
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Figure S12. LSV curves of rGO/(Ni2+/THPP/Co2+/THPP)8 and rGO/(Ni2+/THPP)4(Co2+/THPP)4 in 1 

M KOH electrolyte at rotating rate of 1600 rpm for OER.

As displayed in Figure S12, rGO/(Ni2+/THPP/Co2+/THPP)8 has the identical OER catalytic 

activity compared with rGO/(Ni2+/THPP)4(Co2+/THPP)4, disclosing that the adsorption 

sequence of the transition metal ions in the multilayers is not the key factor to determine the 

electrocatalytic activity.
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Figure S13. Nyquist plots (black diamonds) and the corresponding simulated results (red circles) of a) 

rGO/(Ni2+/THPP/Co2+/THPP)2, b) rGO/(Ni2+/THPP/Co2+/THPP)4, c) rGO/(Ni2+/THPP/Co2+/THPP)6, d) 

rGO/(Ni2+/THPP/Co2+/THPP)8, e) rGO/(Ni2+/THPP/Co2+/THPP)10, and f) 

rGO/(Ni2+/THPP/Co2+/THPP)12 at 0.7 (vs. RHE) from 105 HZ - 10Hz.
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Figure S14. Equivalent circuit model for the oxygen reduction reaction.

In Figure S14, RΩ represents the uncompensated solution resistance (the electrolyte 

resistance). R1 and C1 are the resistance and capacitance between the electrode and electrolyte. 

R2 is the charge transfer resistance during the ORR process and C2 denotes the double layer 

capacitance formed during the reaction. Note that CPE is also introduced to replace the pure 

capacitance to fix the frequency dispersion.
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Figure S15. LSV curves of rGO/(Ni2+/THPP)n  (n = 2, 4, 6, 8, 10, 12) for the oxygen reduction 

reaction in 0.1 M KOH. 

Figure S15 shows that rGO/(Ni2+/THPP)6 possesses the best ORR catalytic activity 

among the rGO/(Ni2+/THPP)n samples.
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Figure S16. LSV curves of rGO/(Co2+/THPP)n  (n = 2, 4, 6, 8, 10, 12) for the oxygen reduction 

reaction in 0.1 M KOH.

Figure S16 shows that rGO/(Co2+/THPP)8 possesses the best OER catalytic activity 

among the rGO/(Co2+/THPP)n samples.
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Figure S17. LSV curves of rGO/(Ni2+/THPP/Co2+/THPP)8, rGO/(Ni2+/THPP)6 and rGO/( 

Co2+/THPP)8 in 0.1 M KOH electrolyte at rotating rate of 1600 rpm for ORR.
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Table S1. Fitting results evaluated from the equivalent circuits of rGO/(Ni2+/THPP/Co2+/THPP)n (n = 

2, 4 ,6, 8, 10 and 12) for OER.

Note that the fitted results listed in Table S1 are based on the equivalent circuits in Figure S13 and 

S14.

n RΩ RP RS Cdl αdl Cф αф

2 3.54 187.6 14.7 1.1958E-5 0.93621 0.0011644 0.69738

4 3.63 130.7 131.8 1.5107E-5 0.92411 0.039056 0.90016

6 3.72 47.45 49.53 1.1285E-5 0.93856 0.13122 0.88555

8 3.876 11.81 31.03 9.5081E-6 0.95979 3.5246E-6 0.93861

10 3.88 61.8 16.91 1.2655E-5 0.92818 7.810E-16 0.91455

12 3.914 183.3 9.091 1.1306E-5 0.93477 0.005169 0.89314
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Table S2. Fitting results evaluated from the equivalent circuit of rGO/(Ni2+/THPP/Co2+/THPP)n (n = 2, 

4, 6, 8, 10 and 12) for ORR.

Note that the fitted results listed in Table S2 are based on the equivalent circuits in Figure S7 and S8.

n RΩ R1 C1 α1 R2 C2 α2

2 7.282 40.14 1.1634E-8 0.9023 7092 1.1418E-5 0.88117

4 7.007 31.88 1.0939E-8 0.9046 2090 1.8956E-5 0.83702

6 6.758 37.81 1.3465E-8 0.8324 1004 1.2675E-5 0.86013

8 6.734 38.15 1.3423E-8 0.9225 529.5 1.3166E-5 0.85252

10 5.213 40.25 6.7234E-8 0.9631 1861 1.3662E-5 0.86282

12 7.171 38.26 8.5773E-9 0.9067 2137 2.0069E-4 0.81385



S21

Table S3.  Performance comparison results with the state-of-art of high performance bifunctional 

catalysts.

[1] S. Hu, G. Goenaga, C. Melton, T. A. Zawodzinski, D. Mukherjee, Appl. Catal. B: Environ., 2016, 182, 286-296.
[2] X. Liu, M. Park, M. G. Kim, S. Gupta, G. Wu, J. Cho, Angew. Chem., Int. Ed.,,2015, 54, 9654-9658.
[3] S. Mao, Z. Wen, T. Huang, Y. Hou, J. Chen, Energy Environ. Sci., 2014, 7, 609-616.
[4] Y. Liang, Y. Li, H. Wang, J. Zhou, J. Wang, T. Regier, H. Dai, Nature Mater., 2011, 10, 780-786.
[5] M. Shen, C. Ruan, Y. Chen, C. Jiang, K. Ai, L. Lu, ACS Appl. Mater. Interfaces, 2015, 7, 1207-1218.

As clearly manifested in Table S3, our obtained catalyst displays excellent electrocatalytic activity 

towards both OER and ORR, which is comparable to the state-of-art of high performance bifunctional 

catalysts.

Catalyst
OER onset 
potential (V)

OER potential at 
10 mA/cm2 (V)

ORR onset 
potential (V)

ORR half wave 
potential (V)

Δ(OER-ORR) E(V)

Co3O4[1] 1.53 1.67 0.88 0.77 0.9

PtCo[1] 1.5 1.65 0.95 0.82 0.83

NCNT/CoO-NiO-
NiCo[2] 1.47 1.5 0.97 0.83 0.67

N-CG–CoO[3] 1.51 1.57 0.91 0.77 0.8

Co3O4/N-rmGO[4] 1.49 1.54 0.88 0.83 0.71

Co0.5Fe0.5S@N-
MC[5]

1.57
1.64 0.913

0.808 0.73

rGO/(Ni2+-
THPP/Co2+–THPP)8

this work 1.49 1.56 0.84 0.71 0.85
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Chapter 4. Sandwich-like graphene/carbon black- 

amorphous cobalt boride nanocomposite as bifunctional 

cathode electrocatalyst in rechargeable zinc-air batteries 

We report a facile and green method for the scalable production of the sandwich-like graphene/carbon 

black- amorphous cobalt boride nanocomposite in the room temperature as a highly efficient and 

robust cathode catalyst in the rechargeable zinc-air batteries. The facile and low-cost preparation 

process, together with the prominent bifunctional oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER) activities renders the resultant nanocomposite highly promising in the large-

scale implementation of the rechargeable zinc-air batteries. 

Introduction 

The daily increasing concerns for the environmental pollution and energy crisis urgently call for the 

intensive exploration of the renewable and clean energy.1-2 The rechargeable zinc-air battery is 

reckoned as one of the most promising energy conversion devices due to its high specific energy 

density, safe aqueous working environment, and steady discharge performance.3 One major hindering 

factor that impedes the large-scale implementation of the rechargeable zinc-air battery stems from the 

low-efficiency of the air electrode, namely ORR and OER, wherein efficient electrocatalysts are 

usually demanded.  

Considering the scarcity and high cost of the noble metal containing materials (NMCMs), it is 

imperative to exploit a cost-effective, robust and comparably efficient material as the substitute. Over 

the passing years, quite a number of noble metal free materials have been reported to efficiently 

catalyze OER and ORR, e.g. transitional metal oxides4-5, -nitrides6, -sulphides7, -borides8-9 and their 

layered double hydroxides (LDHs)10. In particular, many of them were found to be active for both 

ORR and OER that could potentially work as the air cathode in the rechargeable zinc-air batteries11-12. 

Nevertheless, although they exclude NMCMs, the expensive precursors, sophisticated preparing 
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procedures and the requirement of the expensive instruments render them rather impractical of the 

large-scale production, and therefore they do not really solve the essentially high-cost problem of the 

NMCMs.13-15 In this regard, a great challenge remains to design a truly low-cost and efficient cathode 

catalyst as the substitute of NMCMs. 

Benefiting from the high intrinsic activity, superior stability and low cost, cobalt-based 

nanomaterials with amorphous features composed with phosphorus or boron have emerged as the new 

class of electrocatalyst.16-18 However, their activity was largely restricted by their inherently limited 

conductivity and active surface area. Coupling with graphene sheets was proved to be an effective 

method to generate the synergistic effect with the amorphous boride with respect to increasing the 

conductivity and exposing more active surface area. However, severe agglomeration and mutual 

stacking are inclined to happen during the synthesizing process, leading to a great loss of the activity.6, 

19 Moreover, the less satisfactory electrical conductivity of the graphene-coupled hybrid materials is 

another restrictive factor that limits its charge/discharge performance in high-power applications.20 

Carbon black (CB) is one of the most commonly employed additives in the field of electrochemistry, 

e.g. lithium-ion batteries21, featured by low cost, high conductivity and chemical inertness .22-24 It 

would be reasonable to introduce CB in the electrocatalysts to further boost their conductivity. 

Inspired by this, we designed a method that afforded the scalable production of the graphene/carbon 

black- amorphous cobalt boride nanocomposite (G/CB-CoBi), which served as a highly efficient and 

robust cathode catalyst in the rechargeable zinc-air batteries. Basically, the G/CB-CoBi 

nanocomposite was built based on the amphipathicity of the graphene oxide (GO)25 whereby the 

hydrophobic CB particles and hydrophilic cobalt ions were adsorbed on the different sites of GO. The 

adsorbed CB NPs effectively prohibited the agglomeration of the reduced graphene oxide (rGO). The 

amorphous CoBi nanosheets were formed and inserted within the composite by the interaction 

between the adsrobed Co2+ and NaBH4 that also concurrently reduced GO. The obtained 

nanocomposite was bestowed with excellent ORR and OER activities. The significant ORR 

improvement of the nanocomposite was proposed to arise from the structural advantages of the 

sandwich-like nanocomposite and the synergistic effect between the CB particles and G-CoBi. At last, 
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the G/CB-CoBi nanocomposite exhibited a remarkable discharge/charge performance in the 

homemade rechargeable zinc-air batteries.  

The synthesizing process was illustrated in scheme 1. Cobalt ions were firstly mixed with GO 

solution to fully adsorb on the surface of GO sheets via the electrostatic interaction. A certain amount 

of CB particles were then added into the mixture and sonicated for a few hours to evenly disperse 

(denoted as GOx/CBy-Co2+, where x and y represented the mass ratio between GO and CB). The 

obtained solution was aterrimus without any noticeable sediment (Figure S1). The NaBH4 solution 

was then dropwise added to grow the amorphous cobalt boride nanosheets and simultaneously reduce 

the GO sheets. The resultant solution was stirred for another several hours and then collected by 

centrifugation. The loose solid was finally attained by lyophilization. The resultant material was 

denoted as Gx/CBy-CoBi. 

 

Experimental section 

Materials and instrumentation 

Co(NO3)2·6H2O, KOH, carbon supported Ir (20 wt% Ir) (Ir/C), carbon supported Pt (20 wt% Pt) 

(Pt/C), NaBH4, Nafion solution (5 wt%), PTFE aqueous suspension (30 %), NaNO3 and KMnO4 were 

purchased from Sigma Aldrich. The carbon black (BP 2000) was bought from the Cabot Company. 

Graphite powder (5000 mesh) was bought from the Sinopharm Chemical Reagent company (China).  

Scanning electron microscope (SEM, JSM-7001F), transmission electron microscope (TEM, 

Philips F20), and X-ray diffraction (XRD, Bruker D8 Advance diffractometer, equipped with a 

graphite monochromator) techniques were employed for characterizing the sample crystal structures. 

The chemical compositions of the samples were analyzed by X-ray photoelectron spectroscopy (XPS, 

Kratos Axis ULTRA incorporating a 165 mm hemispherical electron energy analyzer). Raman spectra 

were collected with a Renishaw 100 system Raman spectrometer using 632.8 nm He-Ne laser. 3D 

printed components for this reactor were designed in Autodesk 123D Design and printed using semi-

transparent 1.75 mm diameter ABS filament (Verbatim Americas LLC, Charlotte, NC, US) using a 

Makergear M2 3D printer (Beachwood, OH, US). 
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Synthesis 

All of the chemicals were of analytical grade and used without further purification. Graphene oxide 

(GO) was synthesized from natural graphite flakes with a previously published method.11 The 

obtained GO was fully dispersed in Milli-Q water by sufficient sonication to form a homogenous GO 

aqueous dispersion (2 mg/mL).  The synthesizing process of the G/CB-CoBi nanocomposite was 

based on one previously published paper.16 Firstly, 10 mL of the GO (2 mg/mL) solution was added 

into 100 mL of 2 mmol Co(NO3)2·6H2O aqueous solution under the continuous and vigorous stirring 

at the room temperature. After the Co2+ was fully adsorbed on the surface of GO sheets, the 

centrifugation was performed to remove the extra Co2+. The obtained sediment was re-dispersed in 

100 mL Milli-Q water. Secondly, a certain amount of carbon black (mass ratio to GO: 0.5, 1, 2, or 4) 

was added into the above solution, followed by the ultrasonic treatment until a black homogeneous 

solution was obtained. Finally, 10 mL of NaBH4 solution (0.5 mol/L) was dropwise added to the 

above solution. The resultant solution was stirred for several hours under the ambient condition for 

the growth of the amorphous CoBi nanosheets and reduction of the GO sheets. The resultant product 

was collected by centrifugation and washed with deionized water and ethanol in sequence for several 

times and freeze-dried for later characterization. 

The synthesizing procedure of G-CoBi was the same with Gx/CBy-CoBi only without the addition 

of carbon black.  

To prepare G1/CB2, the synthesizing procedure was the same with G1/CB2-CoBi, only without the 

addtion of Co2+.  

The reduced graphene oxide (rGO) was obtained by adding 10 mL of NaBH4 solution (0.5 mol/L) 

into 10 mL of the GO (2 mg/mL) solution under vigorous stirring at the room temperature. The 

product was collected by centrifugation and dried by the lyophilization. 
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Scheme 1. Illustration of the synthesizing process of Gx/CBy-CoBi (x, y denote the mass ratio between GO and CB). 

 

Electrochemical measurements 

Oxygen evolution reaction. All the electrochemical studies were carried out with a standard three 

electrode system using a CHI 760D electrochemical workstation (CH Instruments, USA) at the room 

temperature. A graphitic rod (Φ = 0.8 cm) was used as the counter electrode and Hg/HgO (1.0 M 

NaOH) electrode was served as the reference electrode. All the potentials included in this paper were 

calibrated and converted to the reversible hydrogen electrode (RHE) according to the Nernst equation 

unless otherwise stated. The experiment was performed with a rotating disk electrode (RDE) (Φ = 5 

mm), which was carefully polished with the alumina slurry (0.3 μm) and washed with an abundant 

amount of water and ethanol before casting with the catalyst ink. The polished RDE was dried in the 

N2 flow. 

For the preparation of the catalyst ink, 5 mg of the testing sample (Ir/C included) was 

homogeneously dispersed in a solution containing 700 μL of Milli-Q water, 250 μL of absolute 

ethanol, 50 μL of Nafion (5 wt%) by sonication for at least 30 min. Then 10 μL of the obtained ink 

was drop cast on the surface of the rotating disk electrode (RDE) and dried in the ambient condition to 

form a uniform catalyst layer (loading amount 0.25 mg/cm2). 

Continuous oxygen gas flow was maintained throughout the whole test to ensure the O2/H2O 

equilibrium at 1.23 V (vs. RHE).  The linear sweep voltammetry (LSV) curves were recorded at the 

scan rate of 5 mV/s to minimize the capacitive current in 0.1 M KOH solution. The working electrode 

was cycled in the electrolyte until a stable polarization curve was obtained.  The obtained LSV curves 

were corrected with 95% iR-compensation.  

For the acquisition of the Tafel plots, the scan rate was adjusted to 0.1 mV/s. Chronopotentiometry 

tests were carried out while maintaining the current density to be 10 mA/cm2. The rotating speed of 
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the RDE was maintained at 1600 rpm throughout the tests to diminish the deviation caused by the 

oxygen bubbles generated on the surface of the electrode. 

For the electrochemical impedance spectroscopy (EIS) tests, the data were recorded at the operating 

potential of 1.6 V (vs. RHE) in 0.1 M KOH solution. The impedance spectra were performed by 

sweeping the frequency from 10 kHz to 1 Hz at 10 points per decade. 

Oxygen reduction reaction. The ink for ORR was prepared with the same recipe as in the OER test 

(Pt/C included). The electrolytic tank filled with 0.1 M KOH solution was saturated with oxygen by 

constantly pre-purging oxygen gas. A uniform layer was formed on the surface of the RDE by 10 μL 

of the ink, sequentially dried in the air (loading amount 0.25 mg/cm2). 

For the evaluation of the LSV polarization curves, oxygen gas was pre-purged into the electrolyte 

for half an hour to saturate the solution. The working electrode was firstly cycled for several circles 

until the curve was stable to get rid of the possible contaminant on the surface. The LSV polarization 

curves were recorded at different rotating speeds (400 rpm, 625 rpm, 900 rpm, 1225 rpm, 1600 rpm 

and 2025 rpm) with the scanning rate of 10 mV/s.  The transfer number of the ORR was calculated by 

the Koutecky–Levich equations: 
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B = 0.62𝑛F𝐶0(𝐷0)2/3−1/6 

jK = 𝑛F𝑘𝐶0 

where jK , jL, and j represent the kinetic current density, diffusion-limiting current density and 

measured current density, respectively;  is the angular velocity of the disk; F is the Faraday 

constant (F=96485 C/mol); n is the overall electron transfer number during the oxygen reduction 

reaction; D0 is the diffusion coefficient of O2 in the electrolyte (1.9  10-5 cm2/s); C0 is the bulk 

concentration of oxygen (1.2  10-6 mol/L);  is the kinematic viscosity of the electrolyte, and k is the 

electron transfer rate constant.  
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Rotating ring-disk electrode (RRDE) voltammogram was also performed to monitor the production 

of the peroxide intermediates and calculate the corresponding electron transfer number. The current 

was recorded at the scanning rate of 10 mV/s while the potential of the ring electrode was held at 

1.3V (vs. RHE). The percentage of the hydrogen peroxide generated and electron transfer number 

during the reaction was calculated based on the following equation: 

 

%H2O2 = 100
2𝐼𝑟/𝑁

𝐼𝑑 + (
𝐼𝑟
𝑁)

 

𝑛 = 4
𝐼𝑑

𝐼𝑑 + 𝐼𝑟/𝑁
 

 

where Id is the Faradaic current on the disk, Ir is the Faradaic current at the ring and N is the collection 

coefficiency (0.37) of the ring electrode. 

Chronopotentiometry tests were carried out in 0.1 M KOH solution saturated with oxygen while 

maintaining the current density to be -3 mA/cm2. The rotating speed of the RDE was maintained at 

1600 rpm throughout the tests. The data for the EIS tests were recorded at the operating potential of 

0.6 V (vs.RHE) in 0.1 M KOH solution. The impedance spectra were performed by sweeping the 

frequency from 10 kHz to 10 Hz at 10 points per decade. 

Zn-air battery test 

For the primary Zn-air battery test, a button cell was assembled. A piece of polished zinc plate was 

placed as the anode. The air cathode was prepared by coating the mixture of the catalysts (10.0 mg) 

and 20 μL of PTFE aqueous suspension (30 %) on the nickel mesh. The composite was pressed to be 

~ 500 µm by an electrode pressing machine which was later dried at 60 °C in the vacuum oven. 

Celgard® 5550 membrane was used to separate the anode and cathode. 6 M KOH solution was used 

as the electrolyte. 

The constitution of the rechargeable Zn-air battery was shown in Figure 6f. The air cathode was 

composed of three parts: the gas diffusion layer, the current collector, and the catalyst layer. The gas 
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diffusion layer was prepared by mixing the activated charcoal and PTFE (the weight ratio = 7:3). The 

thickness of the gas diffusion layer was fixed to be ~ 500 µm by an electrode pressing machine which 

was later processed at 200 °C in air. The catalyst layer was prepared by coating the mixture of the 

catalysts (10.0 mg) and 20 μL of PTFE aqueous suspension (30 %) on the nickel mesh which worked 

as the current collector. The composite was pressed to be ~500 µm by an electrode pressing machine 

which was dried at 60 °C in the vacuum oven. Zinc plate was used as the anode and the electrolyte 

containing 0.2 M zinc acetate in 6 M KOH was filled in the 3D printed PTFE electrolytic tank. 

Results and discussion 

The structural evolution of Gx/CBy-CoBi with different CB/GO mass ratio was revealed by a series of 

scanning electron microscopy (SEM) images (Figure S2). Initially, CB NPs were appeared closely 

adhered on the surface of GO sheets. Adding more CB particles, a compacted architecture composed 

with the CB partiles was formed between the GO sheets to grow a sandwich-like structure. It needs to 

be mentioned that excessive CB particles were noticed to scatter on the silica substrate when the 

CB/GO mass ratio reached 4, indicating the saturated adsorption of CB particles (Figure S2e). The 

sandwich-like structure was well maintained after NaBH4 was added (Figure S1d and Figure 1a). The 

morphological feature was clearly revealed by the cross-section SEM image (Figure 1b) wherein the 

graphene sheets were jammed and separated by the densely packed CB particles. In line with the SEM 

image, alateral structure was also disclosed in the TEM image of G1/CB2-CoBi (Figure 1c) in which 

the CB particles, around 50 nm each, were noticed closely adsorbed on the dual sides of the graphene 

sheets (Figure 1d). However, obscured by the CB particles, it was rather difficult to distinguish the 

CoBi in the bright-field TEM image. In order to decipher the morphological feature of the CoBi, 

scanning transmission electron microscopy (STEM) was employed in which a nanosheet-like feature 

of CoBi was clearly manifested (Figure 2a), coincident with the as-prepared CoBi nanosheets (Figure 

S3) and previous reports16. By contrasting the same area (red rectangle) in Figure 2a and 2b, we 

confirmed the CoBi nanosheets were intercalated within the nanocomposite as designed whose 

distribution was also disclosed by the TEM Energy Dispersive X-ray (EDX) mapping image (Figure 

2c-f) and SEM- EDX mapping image (Figure S4). Hence, it was conclued that the Gx/CBy-CoBi 
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composite was successfully assembled via the Van de Waals force and π-π interaction between the 

reduced graphene sheets and CB particles whose morphology and electroactivity (vide infra) was 

tuned by the ratio of CB particles in the composite.25 

 

Figure 2. a) XRD pattern of G1/CB2-CoBi and G-CoBi. b) Raman spectra of G1/CB2-CoBi and G-CoBi. c) High-

resolution XPS image of B 1s. d)  High-resolution XPS image of Co 2p. 

 

X-ray diffraction (XRD) and Raman spectra were then employed to interpret the crystalline and 

graphitization information of the nanocomposite. Only one peak at around 25 degrees was discerned, 

corresponding to (0 0 2) of the graphitic carbon (Figure 2a) in the XRD pattern of G1/CB2-CoBi 

nanocomposite. No discernible peak was assignable to the crystalline cobalt boride, suggesting the 

amorphous characteristic of CoBi, identical to the similarly prepared G-CoBi hybrid and CoBi 

nanosheets (Figure S5). The relatively sharper diffraction pattern at 25 degrees in G1/CB2-CoBi, 

contrasted with a broad peak in G-CoBi, indicating a better graphitization of carbon in G1/CB2-CoBi. 

Raman spectrum also identified the amorphous state of CoBi where no peak was assignable to the 

crystalline cobalt boride (Figure 2b). The peak at 1590 cm-1 (G band) and 1350 cm-1 (D band) were 

allocated to the vibration of sp2-bonded carbon atoms and the dispersive, defect-induced vibrations, 

respectively.26  The different intensity ratio of G band and D band (IG/ID) of GO, G-CoBi, and G1/CB2-

CoBi suggested the highest graphitic carbon content in the G1/CB2-CoBi nanocomposite, consistent 

with the XRD analysis. 
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Figure 2. a) XRD pattern of G1/CB2-CoBi and G-CoBi. b) Raman spectra of G1/CB2-CoBi and G-CoBi. c) High-

resolution XPS image of B 1s. d)  High-resolution XPS image of Co 2p. 

 

Further composition information and valence state of the elements in the G1/CB2-CoBi 

nanocomposite was investigated by the X-ray photoelectron spectroscopy (XPS). The survey XPS 

spectrum (Figure S6) confirmed the co-existence of C, O, Co and B in the G1/CB2-CoBi composite. 

Specifically, the high-resolution core spectrum of B (Figure 2c) in the B region showed one main 

peak at 191.6 eV that was assigned to the B 1s of B3+ in borate species.27 Together with two main 

peaks at 796.4 eV and 780.6 eV in the Co region (Figure 2d), assignable to Co 2p1/2 and Co 2p3/2 

respectively. The spectra information was highly resembled with the as-prepared amorphous CoBi 

nanosheets (Figure S7) and G-CoBi hybrid (Figure 2c and 2d), implicating the consistent chemical 

state of CoBi in the three samples. Therefore, combining with the XRD, Raman and XPS results, the 

CoBi in the G1/CB2-CoBi composite could be identified as the amorphous state and chemically 

consistent with the CoBi in the G-CoBi hybrid.  

The porous structure and the associated pore size distribution were argued to possess a 

performance-determining effect on the ORR catalysts.28-30 Normally, the mesopores were proposed to 

afford the fast ion transfer and diffusion of the oxygen molecules29, whereas the micropores could 

potentially prevent the localized water-flooding phenomenon during the ORR process31. Within this 

framework, Brunauer–Emmett–Teller (BET) N2 adsorption-desorption isotherms were recorded to 

investigate the structural features of G1/CB2-CoBi. The hysteresis loop (type-IV curve) revealed the 
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co-existence of micropores and mesopores in the G1/CB2-CoBi (Figure 3g).32-33 The BET surface area 

of G1/CB2-CoBi was calculated to be as high as 1052.3 m2/g, over 100 times of the G-CoBi (10.3 m2/g, 

Figure S8). The high porosity of G1/CB2-CoBi was exhibited by the high overall pore volume of ~1.78 

cm3/g. The corresponding pore size distribution was calculated from the isotherms according to the 

Barrett-Joyner-Halenda (BJH) theory.34 A hierarchical distribution was displayed by the multiple 

peaks in Figure 3h, affirming the richness of the micro/mesopores.  

 

Figure 3. a) STEM image of G1/CB2-CoBi. b) TEM image of G1/CB2-CoBi from the same area. c)– e) EDX mapping 

image of C, Co, and B, respectively. f) the overlapping EDX mapping image of C, Co, and B. g) The N2 adsorption-

desorption isotherms curve of G1/CB2-CoBi. h) The corresponding pore distribution of G1/CB2-CoBi, inset the 

micropore region.  

 

The ORR performance of the as-prepared samples was evaluated with the rotating disk electrode 

(RDE) in the 0.1 M oxygen–saturated KOH solution. A synergistic effect was exerted between the 

amorphous CoBi and graphene sheet in terms of conductivity enhancement and charge transfer 

promotion (Figure S9).12 Furthermore, the linear sweep voltammetry (LSV) curves in Figure S10 

demonstrated the performance variation of the as-prepared samples with different CB ratio. The ORR 

performance was gradually promoted with the increased CB ratio and eventually leveled off when the 

mass ratio between CB/GO reached 2. The optimal performance of the composite, G1/CB2-CoBi, was 

concluded whereby the onset potential (Eonset) was 0.88 V (vs. RHE), E1/2 was 0.7 V (vs. RHE) and 

diffusion-limited current density at 0.1 V (jlim0.1) was -5.4 mA/cm2 (Figure 4a), comparable to that of 

Pt/C (0.96 V for Eonset, 0.81 V for E1/2 and -5.5 mA/cm2 for jlim0.1). Further increasing the CB ratio 

would lead to a performance deterioration that was explained by the insufficient proportion of the 
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active CoBi species in the composite. The exclusive activity coming from the CoBi species was 

affirmed by the LSV curve of the G2/CB1 (Figure S11), with respect to G1/CB2-CoBi. The superior 

ORR activity of G2/CB1 against the rGO and the pristine CB particles signified the kinetic promotion 

stemming from the synergistic interaction between graphene and CB particles35 (Figure S11). The 

electrochemical impedance spectroscopy (EIS) test was performed at the potential of 0.6 (vs. RHE) to 

interpret the ORR kinetic properties. According to the Nyquist plots in Figure S12, the ohmic 

resistance was progressively reduced with the increasing content of CB particles, ascribing to the high 

conductivity of the CB particles. Moreover, consistent with the LSV polarization curves, the smallest 

semicircle diameter, and shortest Warburg region was noticed when the CB/GO mass ratio was 2:1, 

which referred to the lowest charge transfer resistance and fastest diffusion of the reactants.36-37 Tafel 

plots (Figure S13) were recorded to characterize the kinetic process, in which the slope value of 

G1/CB2-CoBi (b = 69.2 mV/ dec) was similar to that of Pt/C (b = 70 mV/ dec), implicating a 

resembled reaction mechanism between them where the migration of the adsorbed oxygen 

intermediates was likely to be the rate-determining step (RDS).38 

 

Figure 4. a) ORR LSV curves of G-CoBi, G1/CB2-CoBi and Pt/C. The tests were performed in O2 saturated KOH 

solution under the rotating speed of 1600 rpm with a sweeping rate of 10 mV/ s. b) LSV curves of G1/CB2-CoBi tested 

under different rotating speed (inserted is the corresponding K-L plots, the electron transfer number (n) was calculated 

to be 3.93). c) RRDE testing results of G-CoBi and G1/CB2-CoBi. The hydrogen peroxide production rate was reduced 

more than 50% with CB’s participation. d) Chronoamperometric responses (percentage of current retained versus 

operation time) of G1/CB2-CoBi and Pt/C. G1/CB2-CoBi showed a  better stability than Pt/C.  

 

The Koutecky–Levich (K-L) plots (Figure 4b, inserted) were obtained from the LSV curves at 

different rotating speeds (Figure 4b) to determine the electron transfer number. The linearity of the 
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plots implied the first-order reaction kinetics in regard to the concentration of the dissolved O2
28 and a 

potential-independent electron transfer rate.39 The electron transfer number was calculated to be 3.93 

from the slope of the K-L plots, suggesting a four-electron reaction pathway. In contrast, the electron 

transfer number for the G-CoBi hybrid was calculated to be 2.76, a sign of the two-electron transfer 

pathway (Figure S14 and S15). Correspondingly, the production rate of the hydroperoxide was 

drastically reduced, from nearly 50% to less than 20%, judging from the result of the rotating ring-

disk electrode (RRDE) (Figure 4c). The calculated electron transfer number from the result of RRDE 

agreed with the result of K-L plots that the G1/CB2-CoBi preferred a four-electron reaction pathway 

over the whole potential range, while a two-electron reaction pathway was proceeded with the G-CoBi 

hybrid. This suggested the ORR reaction mechanism of the G-CoBi hybrid was fundamentally 

changed after the assembly with CB particles, underlining a synergistic effect between the G-CoBi 

hybrid and CB particles.40 The excellent ORR stability of G1/CB2-CoBi in 0.1 M  KOH was verified 

by the chronoamperometric response where only less than 5% decay over 25,000 s of continuous 

operation was discerned, superior to that of the commercial Pt/C (more than 10%) (Figure 4d). A 

similar performance optimization process (Figure S17) was also discerned with the graphene/carbon 

nanotube- CoBi nanocomposite (Gx/CNTy-CoBi) (Figure S16) where CB particles were replaced with 

carbon nanotubes (CNTs), suggesting the replaceable role of CB particles.  

Besides the ORR performance, the remarkable OER activity of the obtained samples was examined 

with RDE in 0.1 M KOH solution. Similar synergistic advantage between the CoBi and graphene 

sheet was also observed in the process of OER (Figure S18), consistent with the previous report.16 

Unlike ORR, the OER performance varying with the CB ratio was notably inappreciable as shown by 

the LSV curves in Figure S19. A similar scenario was also discerned for the Gx/CNTy-CoBi 

nanocomposite (Figure S20). This was probably due to a much less structure sensitivity to OER. The 

reactant, the hydroxyl ions, was in much smaller size compared with hydrous oxygen molecules, 

which was less limited by the reactant transportation.41 The superb activity was manifested by the 

LSV curve of G1/CB2-CoBi where the onset potential (Eonset) was around 1.51 V (vs. RHE) and the 

potential to achieve the current density of 10 mA/cm2 (E10) was merely around 1.58 V (vs. RHE) 

whereas 1.62 V (vs. RHE) was needed for Ir/C (Figure 5a). Similar to ORR, an activity degeneration 
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with the over-added CB particles was also observed (Figure S19). The exceptional kinetics was 

manifested by the small value of Tafel slope for G1/CB2-CoBi, b = 95.5 mV/dec (Figure 5b). 

Compared with that of Ir/C (112.5 mV/dec), it is suggested a similar reaction mechanism. EIS test 

was also carried out to characterize the OER kinetic process of the Gx/CBy-CoBi nanocomposite. In 

accordance with the LSV results, the charge transfer resistance profiling from the Nyquist plots 

(Figure S21) was almost unchanged for the obtained nanocomposite. The outstanding stability was 

highlighted by the time-dependent current density (at 10 mA/cm2) curves in Figure 5c where the 

activity decay of G1/CB2-CoBi was less than 5% after continuously operating for 25000 s, notably 

better than that of Ir/C (around 10%). The potential gap (ΔE) between E10 and E1/2 was an important 

parameter to evaluate the bifunctional ORR and OER performance of the electrocatalyst42-43. In this 

regard, the ΔE calculated for G1/CB2-CoBi was merely 0.87 V, an evident improvement of G-CoBi 

(0.98 V) and approaching to that of Pt/C + Ir/C (separately tested, 0.82 V), which confirmed the 

outstanding bifunctional property of G1/CB2-CoBi (Figure 5d). The bifunctional performance to ORR 

and OER of G1/CB2-CoBi was among the best bifunctional electrocatalysts hitherto reported (Table 

S1). 

 

 

Figure 5. a) OER LSV curves of G-CoBi, pristine CB, G1/CB2-CoBi,  and Ir/C in 0.1 M KOH solution. b) The 

corresponding Tafel slopes of G1/CB2-CoBi and Ir/C. The similar value between them exhibited the outstanding 

kinetics of G1/CB2-CoBi and resembled reaction mechanism. c) The chronoamperometric response of G1/CB2-CoBi 

and Ir/C for 25000s in 0.1M KOH. d) The potential gap between E10 and E1/2 of G-CoBi, G1/CB2-CoBi, Pt/C and Ir/C.  
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Generally, the enhancement of the ORR activity for a given electrocatalyst could be analysed from 

two major aspects, the localized chemical environment and the overall spatial arrangement. In this 

way, the ORR activity of G1/CB2-CoBi was suggested to originate from two aspects: the kinetic 

promotion arising from the hierarchical sandwich-like structure and the thermodynamic activity from 

the CoBi coupling with graphene sheet. The structure advantages of the G1/CB2-CoBi with respect to 

G-CoBi resided in the conductivity improvement, high graphitic carbon content, large BET surface 

area and high micro/mesopore volumes which radically accelerated the mass/charge transfer rate.44-45 

The systematic ORR activity reduction without the participation of the coblat species (Figure 4 and 

Figure S11) suggested the catalytic activity was derived from the cobalt species. Between G1/CB2-

CoBi and G-CoBi, the chemical surrounding of CoBi was affirmed as the same by the analysis of XPS. 

The resembled ORR/OER onset potentials between G1/CB2-CoBi and G-CoBi also confirmed the 

active site in G-CoBi that was not chemically modified after the assembly with CB particles. Thus, the 

alteration to the reaction pathway was not caused by the localized chemical modification of the active 

sites46. It was acknowledged that the chemical modification to the graphene could lead to a radical 

change to the final ORR performance of the graphene-based composite, such as the graphene-Co3O4 

and nitrogen-doped graphene-Co3O4 exhibited different response to the ORR catalysis.12 We proposed 

that the CB particles in the composite might play the same role as the doped nitrogen, though without 

direct chemical bonding with the carbon atoms in the graphene sheet. The synergistic interaction 

between G-CoBi and the CB particles was likely to arise from the change to the localized charge 

density around the active sites caused by the non-covalent interaction with the CB particles47, which 

further led to an alteration to the reaction pathway. Such assumption well explained the unspecific 

selection of the conductive carbon elements that both CB particles and CNT have displayed similar 

effects.  

As such, the advantages exhibited by the G/CB-CoBi nanocomposite could be concluded as follows. 

Firstly, the scalable production potential was instantiated by the inexpensive reactants, simple 

instruments and facile room-temperature synthesis. Secondly, a new approach to optimize the ORR 

performance of the active materials with potentially high intrinsic activity was proposed. It was 

inferred the suitable non-covalent interactions like Van der Waals’ force and π-π interaction may also 
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exert positive influence on the localized charge environment within the graphene-based composite. 

This may inspire a new perspective in optimizing the ORR performance of the electrocatalyst with 

much more mild and simple methods. Thirdly, the remarkable ORR/OER bifunctional activities 

bestowed the resultant nanocomposite with great potentials in the practical utilization in the 

rechargeable zinc-air batteries. 

To demonstrate its potential application in the zinc-air batteries, G1/CB2-CoBi was assembled as the 

air electrode in the primary and rechargeable zinc-air batteries with oxygen from the atmospheric air 

as the main source of fuel. Pt/C + Ir/C (mass ratio: 1/ 1) was assembled in the same configuration to 

work as the reference. The button cell type was employed to assess the performance of the primary 

battery (Figure S22). A piece of zinc plate was used as the anode, separated by a Celgard® 5550 

membrane from the cathode. The electrolyte was 6 M KOH solution. The open circuit-potential (OCP) 

was measured to be as high as ~ 1.35 V (Figure 6a and Figure S23), close to that of Pt/C (~ 1.43V).  

The high discharge potentials of G1/CB2-CoBi in the primary batteries (Figure 6b and Figure S24), 

1.32 V at 1 mA/cm2 and 1.28 V at 10 mA/cm2, were close to that of Pt/C (1.34 at 1 mA/cm2 and 1.31 

V at 1 mA/cm2). The superb durability of G1/CB2-CoBi was examined by the steady galvanostatic 

discharge profile lasting up to 2000 minutes at both current densities. Figure 6c presented the 

polarization and power density curves of the primary zinc-air batteries assembled with G1/CB2-CoBi 

and Pt/C, respectively. The G1/CB2-CoBi composite delivered a high power density of ~76 mW/cm2, 

close to that of the Pt/C catalyst (120 mW/cm2). Moreover, two zinc-air button cells were connected 

in series to power light-emitting diodes (LEDs, 2.5V) for a practical demonstration (Figure 6d).  

The rechargeable Zn-air battery was further assembled using G1/CB2-CoBi as the cathode electrode. 

The performance of the rechargeable Zn-air battery was evaluated with a PTFE electrolytic tank 

printed by a 3D printer (Figure 6f). The anode was a piece of Zn plate and the electrolyte was 6M 

KOH with 0.2M zinc acetate (dissolved in KOH to form zincate, Zn(OH)4
2-) to ensure the reversibility 

of Zn anode. The cycling performance was respectively studied by discharging/charging at low 

current density (1 mA/cm2) and higher current density (10 mA/cm2) (Figure 6e and S25). The 

durability of the rechargeable zinc-air battery assembled with G1/CB2-CoBi was much superior to that 

assembled with Pt/C +Ir/C under both circumstances. Durable performance was observed for almost 
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340 h of the rechargeable zinc-air battery using G1/CB2-CoBi as the air cathode at the operating 

current density of 1 mA/cm2 with merely one-fifth enlargement of the charge/discharge voltage gap. 

Even at 10 mA/cm2, the voltage gap between charge/discharge was only enlarged by 260 mV after 

more than 7400 mins’ cycling (Figure 6g). In sharp contrast, the performance was severely damaged 

for Pt/C + Ir/C under both circumstances. Furthermore, the initial discharge/charge voltage gap (e.g. 

only 0.86 V at 10 mA/cm2) also validated the outstanding bifunctional ORR and OER activity of 

G1/CB2-CoBi. The performance to the rechargeable zinc-air batteries was among the best hitherto 

reported (Table S2). 

 The distinguished durability of G1/CB2-CoBi was proposed to arise from the high alkaline 

corrosion-resistant nature of the graphitic carbon, largely provided by incorporated CB particles and 

the sandwich-like structure stabilized by the strong interaction between the compacted CB particles 

and rGO sheets.  



108 
 

 

Figure 6. a) The OCP of the primary zinc-air batteries assembled with G1/CB2-CoBi and Pt/C respectively. b) The 

galvanostatic discharge curves of the primary zinc-air batteries assembled with G1/CB2-CoBi and Pt/C, respectively, at 

the current density of 1 mA/cm2. c) The polarization and power density curves for the primary zinc-air batteries 

assembled with G1/CB2-CoBi and Pt/C respectively. d) The demonstration of two button-cell zinc-air batteries in series 

assembled with G1/CB2-CoBi to power the LED light (2.5 V). e) The galvanostatic discharge/charge curves of the 

rechargeable zinc-air batteries assembled with G1/CB2-CoBi and Pt/C + Ir/C (mass ratio 1:1) at the current density of 1 

mA/cm2. The duration time for one discharge/charge cycle was 20 mins. f) A picture of the electrolytic tank printed by 

a 3D printer and assembled with a piece of zinc plate and air cathode to work as the rechargeable zinc-air batteries. g) 

The galvanostatic discharge/charge curves of the rechargeable zinc-air batteries assembled with G1/CB2-CoBi and Pt/C 

+ Ir/C (mass ratio 1:1) at the high current density of 10 mA/cm2.  The time for one discharge/charge cycle was 10 mins. 

The initial discharge/charge voltage gap was 0.86 V for G1/CB2-CoBi and 0.8 V for Pt/C + Ir/C. 

Conclusions 

In summary, an effective ORR/OER bifunctional sandwich-like Gx/CBy-CoBi nanocomposite was 

synthesized in two facile steps using non-covalent-driven forces between the GO sheets, CB 

nanoparticles and cobalt ions at the room temperature. We proposed that the synergistic effect 

between the CB particles and rGO was attributed to the non-covalent interaction that induced a 

change to the localized charge density around the active cobalt sites, thus leading to an alteration to 
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the reaction pathway. With a simple preparing procedure, the resultant composite exhibited 

remarkable bifunctional activities to both ORR and OER, comparable with the state-of-the-art 

electrocatalysts obtained with expensive reactants and sophisticated preparation. The rational design 

of the hierarchical architecture utilizing the amphipathicity of GO pointed to a facile and effective 

way in the catalyst preparation. Compared with ORR, OER was tested to be much more insensitive to 

the structural variation, possibly due to the less restrictions from the reactant transportation. Finally, 

the inexpensive reactants, simple instruments and facile room-temperature synthesis together with the 

prominent discharge/charge performance in the assembled zinc-air batteries render the resultant 

nanocomposite highly promising for the large-scale production and implementation in the commercial 

rechargeable zinc-air batteries.  
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Figure S1. The picture of the GO1/CB2-CoBi in aqueous solution after CB particles were 

homogeneously dispersed in the GO+Co2+ solution by sonication. 

 

No apparent sediment was observed after CB particles were fully dispersed in the GO+Co2+ solution, 

indicating  the successful adsorption of CB particles on the surface of GO sheets. 

 

 

 

 

Figure S2. The SEM images of G/CB-CoBi composites with different CB/GO mass ratio.  The mass 

ratio between CB and GO from a) to e) was 0,  0.5, 1, 2, 4. 
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The SEM images of G/CB-CoBi composites with different CB/GO mass ratio illustrated the 

morphological evolution of CB and GO. The thicker compacted CB particles were noticed on the 

surface of GO sheets with adding more CB particles. Eventually, when the mass ratio reached 4, 

excessive CB particles were universally noticed on the silica substrate (Figure S3e), indicating the 

over adsorption of CB particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. a) The SEM image of the as-prepared CoBi nanosheets. b) The TEM image of the as-

prepared CoBi nanosheets. 

 

The as-prepared CoBi sample demonstrated a layered morphology. 
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Figure S4. SEM EDX mapping image of G1/CB2-CoBi.  a) the SEM image of G1/CB2-CoBi. b) EDX 

image of C. c) EDX image of B. d) EDX image of Co. e) overlapping image of C, B and Co. 
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The SEM-EDX mapping image of G1/CB2-CoBi suggested a random distribution of CoBi nanosheets 

within the composite. The similarity of C and B was caused by the close elemental energy between C 

and B, rendering them very difficult to be differentiated by the EDX method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. XRD pattern of the as-prepared CoBi. 
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The featureless XRD pattern of the as-prepared CoBi suggested the amorphous state of it. 
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Figure S6. XPS survey spectrum of G1/CB2-CoBi. 

 

The XPS survey spectrum of G1/CB2-CoBi confirmed the existence of Co, B, C, O in it. 

 

 

 

 

 

 

 

 

 

 

Figure S7. The high-resolution XPS images of Co 2p (left) and B 1s (right) in the as-prepared CoBi. 

 

The similarity of the XPS images of Co/B in the as-prepared CoBi, G-CoBi, and G1/CB2-CoBi verified 

the consistent chemical composition and elemental state in them.  
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Figure S8. N2 adsorption-desorption isotherms  of G-CoBi.  

 

The BET surface area was calculated to be around 10.3 m2/g, much lower to the theoretical value of 

graphene due to the severe aggregation happening during the reduction process of graphene oxide. 
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Figure S9. The ORR LSV curves of the as-prepared CoBi and G-CoBi in 0.1M oxygen-saturated KOH 

solution with a sweeping rate of 10 mV/ s under the rotating speed of 1600 rpm.  

The activity enhancement from CoBi to G-CoBi signified the synergistic effect between the CoBi and 

graphene sheet.  
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Figure S10. The ORR LSV curves of the G/CB-CoBi obtained with different CB/GO ratio testing in 

the 0.1M oxygen-saturated KOH solution with a sweeping rate of 10 mV/ s under the rotating speed 

of 1600 rpm . 

 

ORR LSV curves of samples obtained with different CB/GO ratio demonstrated the activity trend 

tuned by the CB/GO mass ratio. A remarkable enhancement was observed right after CB was 

included comparing G-CoBi and G2/CB1-CoBi which highlighted the geometric structure advantage. 

The optimal CB/GO mass ratio was 2 judging from the LSV curves. 
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Figure S11. The ORR LSV curves of the pristine CB, rGO and G1/CB2 in 0.1M KOH solution testing 

in the 0.1M oxygen-saturated KOH solution with a sweeping rate of 10 mV/ s under the rotating 

speed of 1600 rpm . 

 

The ORR activity different between the pristine CB, rGO and G1/CB2 suggested a synergistic effect 

between CB and rGO in G1/CB2. 

 

 

 

 

 

 

 

 

 

 

 

 

 



123 
 

 

Figure S12. ORR Nyquist plots of G/CB-CoBi nanocomposite obtained with different CB/GO mass 

ratio. 

 

The ohmic resistance was progressively reduced with the increasing amount of CB. Moreover, the 

charge transfer resistance was indicated as the lowest when the CB/GO mass ratio was 2. 
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Figure S13. Tafel plots of G1/CB2-CoBi  and Pt/C.  

 

The corresponding Tafel slope values were 69.2 mV/dec and 70 mV/ dec for G1/CB2-CoBi  and Pt/C, 

respectively, suggesting the outstanding kinetics of G1/CB2-CoBi and a similar reaction mechanism 

with Pt.  
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Figure S14. ORR LSV curves of G-CoBi tested at different rotating speed (400, 625, 900, 1225, 1600, 

or 2025). 

 

 

 

 

 

 

 

Figure S15. The corresponding K-L plots of G-CoBi from Figure S7. 

 

The electron transfer number was calculated to be 2.76, a sign of the two-electron transfer reaction 

pathway. 
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Figure S16. The SEM images of the G1/CNT4-CoBi nanocomposite with different resolutions. 

A simialr hierarchical architecture could also get built with CNTs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



127 
 

 

Figure S17. The ORR LSV curves of G/CNT-CoBi with different CNT/GO mass ratio. 

The activity variation trend of the obtained G/CB-CoBi nanocomposite was similar to that of G/CB-

CoBi, implicating the unspecific selection of the conductive carbon components. 
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Figure S18. The OER LSV curves of the as-prepared CoBi and G-CoBi in 0.1M KOH solution. 

The performance difference between the as-prepared CoBi and G-CoBi highlighted the synergistic 

effect between the CoBi and graphene substrate during OER. 
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Figure S19. OER LSV curves of G/CB-CoBi with different CB/GO mass ratio. 

 

The OER performance did not change much with different CB/GO mass ratio. The performance 

degradation of G1/CB4-CoBi was led by the over-adding of CB particles that reduced the necessary 

concentration of CoBi in the composite. 
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Figure S20. OER LSV curves of G/CNT-CoBi with different initial CNT/GO mass ratio. 

A similar trend with G/CB-CoBi was discerned for G/CNT-CoBi that the performance was not much 

changed with the addtion of CNT. 
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Figure S21. OER Nyquist plots of G/CB-CoBi obtained with different CB/GO mass ratio.  

 

This suggested a less sensitivity of OER to the structural alternation compared with ORR which might 

be caused by the smaller size of hydroxyl ions than that of oxygen molecules which restricted less 

from the reactant transportation. 
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Figure S22. Picture the constructed button cell used for the evaluation of  the primary zinc-air battery. 

 

In the primary zinc-air battery, a piece of zinc plate was used as the anode, separated by a Celgard® 

5550 membrane from the cathode. The electrolyte was 6 M KOH solution. 
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Figure S23. The cell potential of the primary batteries using G1/CB2-CoBi as the cathode tested by the 

multimeter. 

 

The cell potential of the primary batteries using G1/CB2-CoBi as the cathode was measured to be 

around 1.31 V, consistent with the OCP result (1.35 V). 
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Figure S24. The galvanostatic discharge curves of the primary batteries using G2/CB1-CoBi or  Pt/C as 

the cathode at the current density of 10 mA/cm2.  

 

The discharge potentials for the primary batteries using G2/CB1-CoBi and Pt/C as the cathode were 

1.28 V and 1.31 V respectively with a more steady discharging trend, signifying the outstanding ORR 

property of G2/CB1-CoBi. 
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Figure S25. The galvanostatic discharge/charge curves of the rechargeable batteries using G2/CB1-

CoBi or Pt/C as the cathode.  

 

G2/CB1-CoBi demonstrated much superior stability to Pt/C at the current density of 10 mA/cm2, which 

was able to steadily cycle for more than 7000 mins. 
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Table S1. Comparison of the ORR and  OER performance of G1/CB2-CoBi against previously 

reported bifunctional catalysts in 0.1 M KOH solution. 

 

Catalysts 

EOER (j = 10 mA/cm2) 

(V vs. RHE) 

EORR1/2 

(V vs. RHE) 

E = EOER10 – 

EORR1/2 

(V) 

 

Reference 

NCNT/CoONiO- 

NiCo 

1.50 0.78 0.72 [1] 

NiCo2S4@N/S-rGO 1.70 0.76 0.94 [2] 

Co4N/CNW/CC 1.54 0.80 0.74 [3] 

Fe-N-C + NiFe-LDH 

(3:1) 

1.54 0.79 0.75 [4] 

Co3O4 NC/N-CNT 1.68 0.85 0.83 [5] 

Co-PDA-C 1.70 0.77 0.93 [6] 

3DOM Co3O4 1.67 0.64 1.00 [7] 

NPMC-1000 1.90 0.85 1.05 [8] 

CoxOy/NC 1.66 0.80 0.86 [9] 

Co/N-C-800 1.60 0.74 0.86 [10] 

CoO0.87S0.13/GN 1.59 0.83 0.76 [11] 

Pt/C 1.90 0.90 1.00 [12] 

IrO2 1.62 0.29 1.41 [12] 

G-CoBi 1.58 0.6 0.98 This work 

G1/CB2-CoBi 1.57 0.7 0.87 This work 

 

The bifunctional performance to OER and ORR was among the best of the reported bifunctional 

materials. (Note that all the other materials required high-temperature treatment. Our material was the 

only one obtained at room temperature). 
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Table S2. Comparison of  the primary and rechargeable zinc-air battery performance of G1/CB2-CoBi 

with other previously reported bifunctional catalysts.   

Catalysts Cycling current 

density(mA/cm2) 

Cycling 

time(h) 

Initial 

discharge/charge 

Voltage gap (V) 

Reference 

NCNT/CoONiO- 

NiCo 

20 17  0.86 [1] 

Co4N/CNW/CC 10 136 0.84 [3] 

Co3O4 NC/N-CNT 20 100 1 [5] 

NiCo2O4 20 33  0.7 V [13] 

3DOM Co3O4 10 400  0.96 V [7] 

CoMn2O4/N-rGO 20 8.3  0.7 V [14] 

Co-PDA-C 2 500  1.00 V [12] 

NPMC-1000 2 30  1.60 V [8] 

NiFe-LDH/Co,N-

CNF 

25 80 1 [15] 

Pt/C + Ir/C 10 35 0.8 This work 

G1/CB2-CoBi 10 125 0.86 This work 

 

The performance of rechargeable zinc-air batteries of G1/CB2-CoBi was among the best compared 

with other published materials. 
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Chapter 5. Disordered carbon layer impregnated with Co-

N structures on the graphene sheet: Efficient for 

electroreduction of oxygen in alkaline and acid media 

The disordered carbon layer derived from the gluconate ions on the surface of graphene sheets was 

impregnated with the active Co-N structures as an efficient and cost-effective electrocatalyst for the 

oxygen reduction reaction (ORR). The resultant two-dimensional composite (ca. 22 nm thickness) 

exhibited remarkable catalytic activity towards ORR in both alkaline and acid media, comparable to 

the benchmark Pt/C. A different function of cobalt species in the obtained electrocatalyst during the 

ORR process was investigated and attested by the related experiments. 

 

Introduction 

The fuel cell vehicles (FCVs) are reckoned as the final solution to the sustainable car industry which 

overmatch electric vehicles (EVs) in many aspects.1 Especially, the proton exchange membrane fuel 

cell (PEMFC) is one of the most suitable fuel cells to supply the automobiles and vehicles because of 

its uncomplicated configuration, easy start-up, relatively low working-temperature and high power 

density.2 However, a major bottleneck impeding the widespread of PEMFCs is the excessive cost of 

Pt, which was commonly applied as the active electrocatalyst to promote the sluggish oxygen 

reduction reaction (ORR) at the cathode of PEMFCs.3 Thus, for the larges-scale application of 

PEMFCs, it would be ideal to replace Pt with other efficient and earth-abundant ORR electrocatalysts. 

Co-phthalocyanine was firstly reported by Jasinski4 to be active for ORR in the alkaline media. 

Since then, the cobalt-based materials have been extensively investigated as the active ORR 

electrocatalyst in the alkaline media. However, it is more urgent to develop the efficient and stable 

ORR electrocatalyst in acid media in view of the advent and popularization of the conductive proton 

exchange membrane (Nafion membrane) in PEMFCs2,. Nevertheless, in this respect, the majority of 
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the reported cobalt-based electrocatalysts were considerably inert compared with their performance in 

the alkaline condition due to the high electrochemical leaching rate in the acid electrolyte.5 The 

cobalt-nitrogen coordinated structure supported on carbon material (CoNxC) was one of the few 

reported active ORR electrocatalysts in the acid media with acceptable activity and stability.6 

Typically, pyrolysis of metal-organic-frameworks (MOFs)7, zeolitic-imidazolate-frameworks (ZIFs)8 

and metal porphyrin precursors9 were adopted as the most effective routes to prepare the high-

performance CoNxC. Presently, the main constraint factor of these routes was the high cost and 

toxicity of the precursors, rendering them highly impractical for the development of the active 

electrocatalyst in the real PEMFCs. Hence, it is significant to prepare the novel CoNxC catalyst from 

the economic and eco-friendly precursor. 

Herein, we developed a new strategy to prepare the CoNxC catalyst from a low-cost and eco-friendly 

precursor that was obtained by hydrothermally coupling the cobalt gluconate on the surface of 

graphene oxide (GO). The CoNx active sites were in-situ impregnated into the disordered carbon layer 

derived from the gluconate ions after the high-temperature carbonization. The carbonized product was 

treated with the acid-leaching to expose more active CoNx sites. In this process, the basal graphene 

sheet served as the template to induce the lateral growth of gluconate ions 10 and also facilitated the 

fast charge transfer during ORR. As expected, the resultant nanocomposite exhibited exceptional 

ORR activity and stability in both alkaline and acid media, comparable to the benchmark Pt/C. From 

the analysis of the Koutecky-Levich (K-L) plots and rotating ring-disk electrode (RRDE) tests, the 

ORR of the obtained nanocomposite proceeded through a four-electron reaction pathway in both 

alkaline and acid electrolytes, desirable for the utmost energy output and long-hour operation of the 

PEMFCs.11 Moreover, different reaction active sites were suggested in the alkaline and acid media 

wherein the cobalt center was proved to not directly participate into the ORR process in the alkaline 

media. According to the existing reports, the ORR activity and durability of our CoNxC material are 

among the best ORR electrocatalysts in both alkaline and acid electrolytes. 

The synthesizing process was illustrated in scheme 1. In brief, the cobalt gluconate aqueous 

solution was firstly mixed with a certain amount of graphene oxide (GO), fully adsorbing the cobalt 

ions on the surface of the GO sheets. Then the mixture was hydrothermally treated with the presence 
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of ammonia for the in-situ nitrogen doping of the carbon network. Thirdly, the hydrothermal product 

(denoted as NG/C-Co(OH)2-hydro) was lyophilized and transferred into a tube furnace followed by 

the carbonization process in the Ar atmosphere. Furthermore, urea was mixed in during the 

calcination process to further increase the nitrogen doping level.12 The carbonized product was named 

as NG/C-Co-cal-x (x denoted the treatment temperature). The final product (named as NG/C-Co-x-al, 

x denoted the pyrolysis temperature) was obtained after the acid leaching, removal of the unstable 

cobalt species by the hydrochloric acid under sonication. 

 

 
Scheme 1. The preparation procedure of NG/C-Co-x-al. 

 

Experimental section 

Materials and instrumentation 

Cobalt gluconate was purchased from the Alfa Aesar Company. KOH, carbon supported Pt (20 wt% 

Pt) (Pt/C), Nafion solution (5 wt%), NaNO3 and KMnO4 were purchased from the Sigma Aldrich 

Company. Graphite powder (5000 mesh) was bought from A LA DING Company (China). Ammonia 

(25%) and the absolute ethanol were purchased from the Chem-Supply Company (Australia). 

Scanning electron microscope (SEM, JSM-7001F), transmission electron microscope (TEM, 

Philips F20), and X-ray diffraction (XRD, Bruker D8 Advance diffractometer, equipped with a 

graphite monochromator) techniques were employed for characterizing the crystal structure of the as-

prepared samples. The chemical composition was analyzed by the X-ray photoelectron spectroscopy 

(XPS, Kratos Axis ULTRA incorporating a 165 mm hemispherical electron energy analyzer). Raman 

spectra were collected with a Renishaw 100 system Raman spectrometer using 632.8 nm He-Ne laser. 

The thermogravimetric analysis (TGA) was performed with Diamond TG/DTA from the PerkinElmer 

company (US) under the argon atmosphere at the ramping rate of 5 ℃/min. 



143 
 

Synthesis 

All the chemicals were of analytical grade and used without further purification. Graphene oxide (GO) 

was synthesized from natural graphite flakes according to one published paper13. The obtained GO 

was fully dispersed in the Milli-Q water to form a homogenous GO aqueous dispersion (5 mg/mL). 

0.36 g cobalt gluconate was firstly dissolved in 8 mL deionized water by sonication to form a pink 

solution. Then 2 mL of GO solution was added, followed by 2 hours’ continuous stirring. Before 

transferring the mixture into a 15 mL Teflon-lined stainless steel autoclave, 2 mL of ammonia (25 

wt%) was injected and stirred for another 30 min. The hydrothermal treatment was performed at 180 

degrees for 3 h. The resultant paste was thoroughly washed with the deionized water and ethanol and 

then dried by lyophilization (denoted as NG/C-Co(OH)2-hydro). 0.2 g of the dried sample was later 

put into a tube furnace and calcified at different temperatures (700, 800, 900, 1000 degrees) mixed 

with 2 g urea under the Ar flow for 2 h with a ramping rate of 5 ℃/min (denoted as NG/C-Co-cal-x, x 

denoted the treatment temperature). To remove the acid-unstable cobalt species, the sample processed 

at 900 degrees, NG/C-Co-cal-900, was leached with 10% HCl under sonication. The product was 

washed with the deionized water and collected by centrifugation and finally dried by lyophilization. 

(denoted as NG/C-Co-900-al). 

For the preparation of NG/C-900, the synthesizing process was the same except cobalt gluconate 

was substituted with glucose and no acid-leaching treatment was employed. 

Electrochemical measurements 

All the electrochemical studies were carried out with a standard three electrode system using a CHI 

760D electrochemical workstation (CH Instruments, USA) at the room temperature. A rotating disk 

electrode (RDE) with a glassy carbon (GC) disk of 5 mm in diameter and a rotating ring-disk 

electrode (RRDE) with a Pt ring (6.5 mm inner diameter and 8.5 mm outer diameter) and a GC disk of 

5.5 mm diameter were used as the substrate for the working electrode. A graphitic rod (Φ = 0.8 cm) 

worked as the counter electrode, a Hg/HgO (1.0 M NaOH) electrode was used as the reference 

electrode in 0.1M KOH whereas a Ag/AgCl (3.5M KCl) electrode was used in 0.5M H2SO4. The 

potentials were calibrated and converted to the reversible hydrogen electrode (RHE) according to the 
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Nernst equation. The RDE (RRDE) was carefully polished with the alumina slurry (0.3 μm) and 

washed with abundant amount of water and ethanol. The electrode was dried in the N2 flow. 

For the preparation of the catalyst ink, a certain amount of the as-prepared samples (4 mg for the 

alkaline electrolyte and 7 mg for the acid electrolyte) were homogeneously dispersed in a solution 

containing 700 μL of Milli-Q water, 250 μL of absolute ethanol, 50 μL of Nafion (5 wt%) by 

sonication for at least 30 min. For comparison, 4 mg Pt/C was used to prepare the ink for the test in 

both electrolytes. Then 10 μL of the obtained ink (incluing the Pt/C ink) was drop-cast on the surface 

of the RDE and dried in the ambient condition to form a uniform layer (loading amount 0.2 mg/cm2 

for the alkaline electrolyte and 0.35 mg/cm2 for the acid electrolyte of the as-prepared samples and 0.2 

mg/cm2 for Pt/C). 

For the evaluation of the LSV polarization curves, oxygen gas was pre-purged into the electrolyte 

for half an hour to saturate the solution. The working electrode was firstly activated for several circles 

until the curve was stable to get rid of the contamination on the surface. The LSV polarization curves 

were recorded at different rotating speed (400 rpm, 625 rpm, 900 rpm, 1225 rpm, 1600 rpm and 2025 

rpm) with the scanning rate of 10 mV/s from 0 V to 1.1 V (verse RHE). The electron transfer number 

was calculated by the Koutecky–Levich equations: 
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B = 0.62𝑛F𝐶0(𝐷0)2/3−1/6 

jK = 𝑛F𝑘𝐶0 

where jK , jL and j represent the kinetic current density, diffusion-limiting current density and 

measured current density, respectively;  is the angular velocity of the disk; F is the Faraday constant; 

n is the overall electron transfer number during ORR; D0 is the diffusion coefficient of O2 in the 

electrolyte; C0 is the bulk concentration of oxygen;  is the kinematic viscosity of the electrolyte, and 

k is the electron transfer rate constant. Rotating ring-disk electrode (RRDE) voltammograms were 

also performed to monitor the production of the peroxide intermediates. The data was recorded at the 

scanning rate of 10 mV/s while the potential of the ring electrode was held at 1.3V (vs. RHE). The 
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calculation of the percentage of the generated hydrogen peroxide and electron transfer number during 

the reaction were based on the following equations: 

%H2O2 = 100
2𝐼𝑟/𝑁

𝐼𝑑 + (
𝐼𝑟
𝑁

)
 

𝑛 = 4
𝐼𝑑

𝐼𝑑 + 𝐼𝑟/𝑁
 

where Id is the Faradaic current on the disk, Ir is the Faradaic current at the ring and N is the collection 

coefficiency (0.37) of the ring electrode. 

For the assessment of the ORR stability, the accelerated durability test (10000 cycles) was 

performed in different electrolytes. The cycling potential range was from 0.3 V to 0.8 V (vs. RHE) 

with a scanning rate of 100 mV/s under the rotating speed of 1600 rpm.  

Results and discussion 

X-ray diffraction (XRD) analysis elucidated the crystal structure of Co(OH)2 (PDF# 30-0443) in 

NG/C-Co(OH)2-hydro was sequentially transformed into the metallic form of cobalt (-phase, PDF# 

46-0605) in NG/C-Co-cal-900 after the high-temperature treatment. The XRD of NG/C-Co-900-al  

displays significantly diminished signal, indicating a very tiny Co preserved after the acid leaching 

(Figure 1a). The much less sharper peak at 25 degrees assigned to the (0 0 2) plane of the graphitic 

carbon indicated the substantial amount of disordered carbon in NG/C-Co-cal-900 and NG/C-Co-900-

al. Given the high sp2 hybridization carbon configuration of the underlying graphene sheet, we 

proposed the gluconate-derived carbon layer to be a disordered carbon layer. It can be observed from 

Figure 1b, the Raman spectra of the as-prepared samples, that the ID/IG value (G band at 1590 cm-1 for 

the vibration of sp2-bonded carbon atoms and D band at 1350 cm-1 for the dispersive, defect-induced 

vibrations) of NG/C-Co(OH)2-hydro and NG/C-Co-cal-900 varied from 1.23 to 0.88, highlighting the 

carbonization process.   
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Figure 1. a) XRD patterns of NG/C-Co(OH)2-hydro, NG/C-Co-cal-900 and NG/C-Co-900-al. b) Raman spectra of 

NG/C-Co(OH)2-hydro, NG/C-Co-cal-900 and NG/C-Co-900-al.  

 

The scanning electron microscopy (SEM) image revealed the two-dimensional feature of NG/C-

Co(OH)2-hydro (Figure 2a) on the GO sheets. Specifically, the transmission electron microscopy 

(TEM) image (Figure 2b) of NG/C-Co(OH)2-hydro disclosed the formation of the ultrasmall Co(OH)2 

NPs (less than 10 nm) and their homogeneous distribution were enabled by the surfactant effect of the 

gluconate ions14. Meanwhile, the lattice fringe with a 0.27 nm spacing in the corresponding high 

resolution TEM (HRTEM) image (Figure 2b, inserted) was assigned to the (1 0 0) plane of Co(OH)2
15. 

Moreover, the carbonization process was proposed to start from around 500 degrees according to the 

thermogravimetric analysis (TGA) (Figure S1) of NG/C-Co(OH)2-hydro under the Ar atmosphere, 

along with the cracking and decomposition of the organic compounds.8, 10 The morphological 

evolution of the carbonized sample was illustrated by a series of SEM images (Figure S2), wherein the 

metallic cobalt NPs started to noticeably appear on the surface of the carbon layer at the temperature 

of 600 degrees and gradually grew larger with the evaluated treatment temperature. Figure 2c 

demonstrated the cookie-like structure of NG/C-Co-cal-900 evolved from the smooth-surfaced NG/C-

Co(OH)2-hydro (Figure 2a). The homogeneous distribution of the metallic cobalt particles was 

revealed by the TEM image (Figure 2d). Furthermore, the corresponding HRTEM image of NG/C-

Co-cal-900 (Figure 2d, inserted) exhibited a lattice fringe with a d-spacing of 0.205 nm, assigned to 

the (1 1 1) plane of -Co16. The transformation and growth of the metallic cobalt particles originated 

from the in-situ reduction of Co(OH)2 by the neighboring hydrocarbon (Ellingham diagram)17 as well 

as the converging of the small cobalt particles during the heat treatment. In comparison, no particles 

were surveyed in the SEM and TEM images of NG/C-900 after the calcination treatment (Figure S3). 
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After the acid-treatment, multiple carbon pits were inspected in the disordered carbon layer from the 

SEM image of NG/C-Co-900-al (Figure 2e). The corresponding TEM image of NG/C-Co-900-cal 

(Figure 2f) also confirmed the existence of the carbon pits, in which, however, small cobalt particles 

encapsulated by carbon layers (GC/Co) were also observed. Consistent with the result of XRD, the 

lattice fringe in the HRTEM image of NG/C-Co-900-cal (Figure 2f, inserted) was assigned to the (1 1 

1) plane of -Co. The survival of the GC/Co was attributed to the protection from the surrounding 

seamless onion-like graphitic carbon layers, which commonly occurred in the pyrolytic product of the 

cobalt-containing materials6, 18. Moreover, the carbon layer on top of the graphene displayed the 

disordered status in the HRTEM image of NG/C-Co-900-cal, coinciding with the XRD result. CoNx 

species were exposed in the disordered carbon layer after the acid-treatment, as was discerned in the 

high-angle annular dark-field scanning transmission electron microscope image (HAADF- STEM, 

Figure 2g) of NG/C-Co-900-cal wherein the bright dots represented the isolated cobalt atoms. The 

TEM- Energy Dispersive X-ray (EDX) image of NG/C-Co-900-al (Figure 2h) exhibited the 

overlapping distribution of C, N and Co over the entire composite, testifying the abundance of CoNx 

in the disordered carbon layer. The average thickness of NG/C-Co-900-cal was measured to be around 

22 nm by the atomic force microscope (AFM) image (Figure S4).  

 

Figure 2. a), b) SEM and TEM images of NG/C-Co(OH)2-hydro (inserted: the HRTEM image of NG/C-Co(OH)2-

hydro). c) and d) SEM and TEM images of NG/C-Co-cal-900 (inserted: the HRTEM image of NG/C-Co-cal-900). e) 

and f) SEM and TEM images NG/C-Co-900-al (inserted: the HRTEM image of NG/C-Co-900-al). g) HADDF-STEM 

image of NG/C-Co-900-al, the bright dots highlighted with red circles denoted the isolated cobalt atoms. h) EDX 

image of NG/C-Co-900-al, indicating the overlapping distribution of C, Co and N.  

 



148 
 

It is well known that ORR commonly proceeded on the surface of the catalyst while the major body 

of the catalyst was normally unemployed.19 It was proposed that the activity of a given ORR catalyst 

may arise from two aspects, the thermodynamic property from the active sites with intrinsically high 

activities and the geometric configuration related to the kinetic process.20 In this regard, the N2 

adsorption/desorption measurements at 77 K were carried out for the as-prepared samples. Both 

NG/C-Co-cal-900 (Figure 3a) and NG/C-Co-900-al (Figure 3b) displayed a steep increase in Vads at 

a relatively low N2 partial pressure (P/P0 = 0~0.015) and well-defined hysteresis loops at higher N2 

pressure (P/P0 = 0.4~0.95), suggesting the co-existence of micropores and mesopores.21 The 

micropores normally served as the hosting site for the CoNx while the mesopores tended to govern the 

mass transfer during the reaction. The porous structures were assumed to originate from both the 

gasification of urea22 and decomposition of the –Co-COO- groups during the calcination23. After the 

acid-treatment, around 20% increase of the BET surface area was measured, from 159.3 m2/g to 191 

m2/g, with the overall pore volume increasing from 0.39 m3/g to 0.47 m3/g. This highlighted the fact 

the removal of surface cobalt particles not only exposed more CoNx sites, but also significantly 

promoted the access to them. As comparison, the BET surface area measured for NG/C-900 (Figure 

S5) was comparatively lower (99.8 m2/g), implicating the indispensable role of cobalt to enhancement 

of the surface area. The corresponding pore size distribution was calculated from the adsorption 

branch of the isotherms by the Bar-rett–Joyner–Halenda (BJH) model. Both NG/C-Co-cal-900 

(Figure 3a, inserted) and NG/C-Co-900-al (Figure 3b, inserted) exhibited a resembled hierarchical 

pore distribution, suggesting the richness of the micro/mesopores in both samples. The elemental 

information of the as-prepared samples was deciphered by the X-ray photoelectron spectroscopy 

(XPS). Specifically, the co-existence of C, N, Co and O was confirmed by the survey XPS spectra of 

the NG/C-Co(OH)2-hydro, NG/C-Co-cal-900 and NG/C-Co-900-al. In contrast, the spectrum of 

NG/C-900 confirmed the absence of Co (Figure S6). The high-resolution XPS of Co 2p in NG/C-

Co(OH)2-hydro (Figure 3c) showed two major peaks, 781 eV and 796.8 eV, assignable to the  2p3/2 

and and 2p1/2 respectively. It was in accordance with that of the Co 2p in Co(OH)2, indicating that Co 

(Ⅱ) dominated.15 The transformation of Co(OH)2 into the metallic form was disclosed by the peak 
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shift of the Co 2p whereas the new peaks in NG/C-Co-cal-900 at 778.5 eV and 795.6 eV were 

assigned to 2p1/2 and 2p3/2 of Co (0).16 After the acid leaching, the peak at 780.02 eV was remarkably 

highlighted, assignable to the CoNx species24. Meanwhile, the peak intensity at 778.5 eV assigned to 

the 2p1/2 of Co (0) was notably diminished, resulting from the removal of the metallic cobalt particles 

and exposure of more CoNx. The category of the doped nitrogen in the nitrogen-doped carbon 

materials was intensely debated as it was considered as determinative for the electrocatalysis of ORR. 

The high-resolution XPS of N 1s was analysed to reveal the change of N (Figure 3d). Three types of 

nitrogen were discerned in NG/C-Co(OH)2-hydro, pyridinic N (398.6 eV), pyrrolic N (400.2 eV), and 

the imine-like nitrogen (-N=, 399.2 eV)25. After the high-temperature treatment, the imine-like 

nitrogen was erased, accompanied by the emergence of graphitic N (401.1 eV), ascribed to the 

carbonization process.26 No apparent variation of N 1s was induced by the acid treatment, stressing 

the stability of the resultant nitrogen species in the acid media. As comparison, the nitrogen in NG/C-

900 (Figure S7) was also analysed in which the category of the doped N species was concurrent with 

those in NG/C-Co-cal-900. However, a different proportional distribution of each N species was 

noticed (Table S1) wherein the pyridinic nitrogen was considerably higher in NG/C-Co-900-al, 49.7% 

vs. 31.2%, attributing to the induction by the cobalt species.27 

 

Figure 3. a) and b) The N2 adsorption/desorption measurement curves of  NG/C-Co-cal-900 and NG/C-Co-900-al 

(inserted: their corresponding size distribution). c) and d) The high-resolution XPS images of N 1s and Co 2p. 
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The ORR performance of NG/C-Co-900-al was studied by the rotating disk electrode (RDE) and 

rotating ring-disk electrode (RRDE) in both alkaline (0.1 M KOH solution) and acid (0.5M H2SO4 

solution) electrolytes. Meanwhile, Pt/C and NG/C-800 were also tested under the same condition as 

the comparison. The ORR activities of the as-prepared samples were firstly accessed by the linear 

sweep voltammetry (LSV) curves in 0.1 M oxygen-saturated KOH solution. The crucial role of the 

heat treatment was affirmed by the salient activity improvement between NG/C-Co(OH)2-hydro and 

NG/C-Co-cal-900 (Figure 4a and 4b). The influence of the calcination temperature to the catalytic 

performance was also examined (Figure S8). It was shown that the ORR activity of the calcified 

sample was firstly improved with the increase of treatment temperature and then declined, leveled off 

at 900 degrees. This was explained by the gradually increased carbonization degree of the calcified 

sample along with the higher calcination temperature before 900 degrees and the instability26 of the 

active nitrogen species as well as the avulsion of the carbon matrix beyond 900 degrees (Figure S2). It 

was discerned that the performance response to the acid-treatment was discerned in the akaline and 

acid electrolytes was different. The ORR polarization curve of NG/C-Co-900-al in 0.1 M KOH was 

almost identical to that of NG/C-Co-cal-900 (Figure 4a), indicative of the insusceptibility to the 

removal of surface cobalt particles. NG/C-Co-900-al exhibited a high onset potential (Eonset) ~ 0.95 V 

(vs. RHE) and half-wave potential (E1/2) ~ 0.8 V (vs. RHE), close to that of the commercial Pt/C 

(Eonset~ 0.96 V and E1/2~ 0.81 V). As far as our information goes, the ORR performance of NG/C-Co-

cal-900 in the alkaline media was among the best existing ORR electrocatalysts (Table S2). As a sharp 

contrast, a radical improvement was discerned for NG/C-Co-900-al with respect to NG/C-Co-cal-900 

in 0.5 M H2SO4 (Figure 4b). NG/C-Co-900-al delivered a positive value of Eonset (~ 0.88 V vs. RHE) 

and E1/2 (~ 0.72 V vs. RHE), resembled to that of the commercial Pt/C (Eonset ~ 0.94 V, E1/2 ~ 0.74 V) 

in 0.5 M H2SO4. The activity was also comparable to the state-of-the-art acid ORR electrocatalyst 

(Table S3). In comparison, NG/C-900 displayed totally different catalytic performance in the alkaline 

and acid media (Figure S9). The activity of NG/C-900 in the alkaline media was close to that of 

NG/C-Co-900-al, though slightly inferior. However, NG/C-900 delivered a much worse performance 

compared with NG/C-Co-900-al under the acid condition, uncovering the necessary role of cobalt for 

the acid oxygen reduction electrocatalysis. 
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Figure 3. a) and b) The ORR LSV curves of NG/C-Co(OH)2-hydro, NG/C-Co-cal-900, NG/C-Co-900-al , and Pt/C 

tested at the scanning rate of 10 mV/s and rotating speed of 1600 rpm in the oxygen-saturated 0.1 M KOH solution and 

0.5 M H2SO4 solution, respectively. c) and d) The LSV curves of NG/C-Co-900-al tested at different rotating speed 

(400, 800, 1200, 1600, 2000 and 2400) in the oxygen-saturated 0.1 M KOH solution and 0.5 M H2SO4 solution, 

respectively (inserted: the corresponding K-L plots obtained). e) and f) The RRDE result of NG/C-Co-900-al in the 0.1 

M KOH solution and 0.5 M H2SO4 solution, respectively. 

 

The LSV curves were recorded at different rotating speeds to obtain the Koutecky-Levich (K-L) 

plots (Figure 4c and 4d). Based on the K-L equation, the electron transfer number (n) was calculated 

at different bias potentials with the average value of approximate 3.9 in 0.1 M KOH and 3.83 in 0.5 M 

H2SO4, respectively, which were close to the theoretical value of Pt/C (n = 4), underling a four-

electron transfer pathway under both alkaline and acid circumstances. More reliable information 

regarding to the complex reaction mechanism was provided by the RRDE result wherein the hydrogen 

peroxide generation rate was monitored throughout the potential range. The RRDE test result (Figure 

4e and 4f) indicated the low yield of H2O2, below 9%, and the four electron transfer pathway 

throughout the potential range in both alkaline and acid electrolytes. Tafel plots were recorded to 

characterize the kinetics of NG-Co-al-900 under both conditions (Figure 5a and 5b), in which the 

Tafel slope values (b = 64 mV/ dec in 0.1M KOH and 71 mV/ dec in H2SO4) were resembled with 

that of Pt/C (b = 70 mV/ dec in 0.1 M KOH and 69 mV/ dec in H2SO4), implicating a resembled 

reaction mechanism with Pt/C that the migration of the adsorbed oxygen intermediates was likely to 

be the rate-determining step (RDS).  
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Moreover, the tolerance to the commonly encountered fuel-crossover was disclosed by no variation 

of the ORR LSV curves after 0.2 M methanol was added (Figure S10), in sharp contrast to the severe 

deactivation of Pt/C, highlighting the advantage of NG/C-Co-al-900 against Pt/C in the aspect of good 

fuel selection. 

Besides activity, stability was another restrictive parameter to evaluate the ORR electrocatalyst, 

especially in the acid media. In this aspect, the stability of NG/C-Co-900-al was probed by the 

accelerated durability test (ADT). In 0.1 M KOH solution, a negligible deactivation was discerned 

after cycling for 10000 times (Figure 5c), more stable than Pt/C (Figure S11a). Even in 0.5 M H2SO4, 

after 10000 cycles, merely a 17 mV negative-shift of the E1/2 was measured (Figure 5d) whereas a 90 

mV decay was observed for Pt/C (Figure S11b). The high stability of NG/C-Co-900-al was attributed 

to the strong interaction between CoNx and the disordered carbon matrix that the abundant isolated 

atoms were affirmed to be well preserved after the ADT in 0.5 M H2SO4 (Figure S12) as well as the 

low production of the oxidizing HO radicals, featured by the CoNxC materials28.  

 

Figure 5. a) and b) The tafel plots of NG/C-Co-900-al and Pt/C in 0.1 M KOH solution and 0.5 M H2SO4 solution, 

respectively. c) and d) The results of the stability test of NG/C-Co-900-al and Pt/C (the LSV curves tested at the 

rotating speed of 1600 rpm before and after the accelerated durability test for 10000 cycles) in the 0.1 M KOH solution 

and 0.5 M H2SO4 solution, respectively. e) and f) The response of NG/C-Co-900-al regarding to the SCN- poisoning 

(the LSV curves tested at the rotating speeding of 1600 rpm before and after adding 0.01 M NaSCN) in the 0.1 M 

KOH solution and 0.5 M H2SO4 solution, respectively. 

 

To explore the active site of NG/C-Co-900-al during the ORR catalysis, the poisoning experiment 

was performed with the addition of SCN- (0.01 M NaSCN solution) that was proved to possess a 

strong affinity with the CoNx sites in both alkaline29, 30 and acid31 electrolytes. As expected, a drastic 
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activity deterioration was observed with the presence of SCN- in 0.5 M H2SO4 (Figure 5f), suggesting 

the active site in the acid electrolyte was highly linked to the CoNx sites. Surprisingly, the response of 

NG/C-Co-900-al to the addition of SCN- in 0.1 M KOH was different from that in 0.5 M H2SO4, the 

LSV curve was revealed as almost unchanged (Figure 5e). For the confirmation, NG/C underwent the 

same experiment to verify that the non-metal elements were insusceptible to the influence of SCN- 

(Figure S13). These results suggested the active site of NG/C-Co-900-al in the acid media resided in 

the CoNx structure whereby the drastic activity deterioration was ascribed to the disability of CoNx by 

the strong bonding with SCN-. In contrast, the activity in the alkaline media more like originated from 

the non-metal component, presumably to be the nitrogen-doped carbon. This also rationalized the 

different performance-response of NG/C-Co-cal-900 to the acid treatment and the much less 

performance gap between NG/C-Co-900-al and NG/C-900 in the alkaline than in the acid media. 

Echoing to the contentious role of the transition metal in the nitrogen-doped ORR electrocatalysts32, 33, 

we proposed that the cobalt species in NG/C-Co-900-al acted differently in the alkaline and acid 

media. Even though with the presence of cobalt species, the ORR in the alkaline media selectively 

proceeded on the non-metal sites. Without direct participation of the cobalt species, the high activity 

of NG/C-Co-900-al was proposed to arise from the high content of the pyridinic nitrogen induced by 

the cobalt species. To sum up, the remarkable ORR activity was supposed to be achieved by the 

rational design of the electrocatalyst with respect to the abundance of the active sites and the two 

dimensional pore-enriched structural configuration through facilitating the fast mass/charge transfer. 

The ultrasmall Co(OH)2 nanopartiles were uniformly embedded into the hydrocarbon layer in NG/C-

Co(OH)2-hydro during the hydrothermal treatment. After the high-temperature carbonization 

treatment, a disordered carbon layer was evolved from the hydrocarbon matrix, which afforded the in-

sit impregnation of the ample active CoNx species. Despite of the fact that not all cobalt species could 

be thoroughly removed by the acid leaching, the preservation of GC/Co was actually suggested to 

benefit the ORR process.34-36 The crucial presence of GC/Co in NG/C-Co-900-al provided the good 

conductivity, high degree of the hydrophobicity for less active site water-flooding22. More importantly, 

the high resistance to corrosion in the working electrolyte may account for the relatively higher 

stability of NG/C-Co-900-al compared with other pure TMNxC.6, 22 Furthermore, it is worth noticed 
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that the GC-Co containing materials commonly achieve better ORR performance than the catalyst 

containing sole isolated CoNx
6, 29, 37, which was probably attributed to the insufficient loading of CoNx 

to maintain the atomic dispersion state.38 

Conclusions 

A ration design of the two-dimensional nanocomposite composed by the disordered carbon layer 

impregnated with Co-N structure coupled on the surface of graphene sheet was introduced in this 

paper. The two-dimensional composite (ca. 22 nm thickness) generated by this research achieved 

remarkable ORR activity in both alkaline and acid media in terms of the positive thermodynamic 

potential, superb kinetics, excellent fuel selectivity, four-electron reaction pathway and durable 

working stability. The outstanding ORR performance of the obtained composite was proposed to arise 

from the rational design of the catalyst wherein the above disordered carbon layer afforded the high 

loading of the active sites while the underlying graphene sheet facilitated the high charge transfer rate. 

The ORR active site of the composite in the alkaline and acid electrolyte was proposed to be different. 

The result of the SCN- poisoning experiment confirmed the activity origin to be CoNx under the acid 

condition, however, a “non-metal” behavior was suggested in the alkaline solution even though with 

the presence of cobalt. The high content of the pyridinic nitrogen induced by the cobalt species was 

proposed to account for the high ORR activity in the alkaline media. At last, the idea of utilizing the 

two-dimensional hydrothermal product of GO and cobalt gluconate as the novel precursor to produce 

the CoNxC catalyst not only fully explored the catalytic potential of CoNx but also increased its 

practicability by employing the low-cost and eco-friendly synthetic reagent. This work offered a new 

perspective in the rational design of TMNxC catalyst, which would surely prompt the development of 

the energy conversion devices like PEMFCs. 
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Figure S1. The TGA curve of NG/C-Co(OH)2-hydro tested at the ramping rate of 5 ℃/min under the 

Ar atmosphere. 

 

The first stage of the weight loss before 200 was attributed the removal of moisture and volatile 

matter followed by the decomposition and cracking of the organic compounds and carbonization of 

the composite where 500 degree was the transit point. 

 

 

 

Figure S2. The SEM images of NG/C-Co-cal-x processed at different temperature during the heat 

treatment. 

The size of the cobalt particles gradually increased with the enhanced treatement temperature and 

started to notably emerge of the surface of the carbon composite at the temperature reached 700 

degrees. The overall structure of the composite was avulsed when the temperature was too high (1000 

degrees).  
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Figure S3. a) and b) The SEM images of NG/C-900 with different magnifications. c) and d) The TEM 

images of NG/C-900 with different magnifications. 

No particles or pores were surveyed after the heat treatment without the inclusion of cobalt species at 

the first beginning. 
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Figure S4. The AFM image of NG/C-Co-900-al. 

 

The average thickness of the NG/C-Co-900-al composite was measured to be around 22 nm. 
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Figure S5. The N2 adsorption/desorption curve of NG/C-900.  

 

The BET surface area was calculated to be 99.8 m2/g based on the measurement of NG/C-900 whose 

value was nearly half that of NG/C-Co-900-al, implicating the indispensible role of cobalt in the 

process of pore-forming. 
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Figure S6. The XPS survey of NG/C-Co(OH)2-hydro, NG/C-Co-cal-900, NG/C-Co-900-al and NG/C-

900. 

 

The absence of Co in NG/C-900 was confirmed, in contrast to NG/C-Co-900-al. 
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Figure S7. The high-resolution XPS analysis of N 1s in NG/C-900. 
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Figure S8. The ORR LSV curves of NG/C-Co-cal-x processed at different calcination temperatures 

(600, 700, 800, 900 and 1000) in 0.1 M KOH solution tested under the rotating speed of 1600 rpm. 

The sample calcified at the temperature of 900, NG/C-Co-cal-x, exhibited the optimal ORR 

performance. 
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Figure S9. a) and b) The respective ORR LSV curves of NG/C-900 in 0.1 M KOH and 0.5 M H2SO4 

tested under the rotating speed of 1600 rpm. 

 

The comparably inferior performance of NG/C-900 with respect to NG/C-Co-900-al consolidated the 

indispensible role of Co in the process of catalyst’s preparation. 
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Figure S10. The response of the methanol cross-over effect for NG/C-Co-900-al and Pt. a) NG/C-Co-

900-al in 0.1 M KOH, b) Pt/C in 0.1 M KOH, c) NG/C-Co-900-al in 0.5 M H2SO4, d) Pt/C in 0.5 M 

H2SO4. 

 

The controdicted response between NG/C-Co-900-al and Pt/C stressed the anti-methanol cross-over 

effect under both akaline and acid conditions, indicating the advantage of NG/C-Co-900-al over Pt/C 

for practical operation of fuel cells. 
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Figure S11. The stability test of Pt/C tested by the accelerated durability test for 10000 cycles in a) 0.1 

M KOH and b) 0.5 M H2SO4. 
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Figure S12. a) The TEM image and b) HAADF-STEM image of NG/C-Co-900-al after the ORR 

stability test in 0.5 M H2SO4. 
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Figure S13. The LSV reponse to the SCN- of NG/C-900 in 0.5 M H2SO4. 

 

The invariable LSV curve with the addition of SCN- in the sharp contrast with the response of NG/C-

Co-900-al affirmed the sole interaction of SCN- with the CoNx other than the carbon matrix. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. The respective contents of the pyridinic, pyrrolic , graphitic and imine-like nitrogen in the 

NG/C-Co(OH)2-hydro, NG/C-Co-cal-900, NG/C-Co-900-al  and NG/C-900. 
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pyridinic N pyrrolic N graphitic N 

 

imine-like 

nitrogen 

 

NG/C-Co(OH)2-hydro 11.53% 34.67% 0 53.8% 

NG/C-Co-cal-900 49.68% 14.57% 39.75% 0 

NG/C-Co-900-al 49.05% 10.75% 40.2% 0 

NG/C-900 31.2% 14.5% 54.3% 0 

 

The disappearance of imine-like nitrogen and emergence of graphitic nitrogen from NG/C-Co(OH)2-

hydro to NG/C-Co-cal-900 exhibited the calcination process. The different proportion of pyridinic 

nitrogen in NG/C-Co-900-al  and NG/C-900 highlighted the inducing formation of pyridinic nitrogen 

provided by the cobalt species. 
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Table S2. Comparison of the ORR activity between NG/C-Co-900-al and other reported non-precious 

catalyst in the alkaline media (0.1M KOH solution). 

Catalyst 
Eonset 

(V vs. RHE) 

E1/2 

(V vs. RHE) 

Loading amount 

(mg/cm2) 
Reference 

Co SAs/N-

C(900) 
0.982 0.881 0.408 1 

Co-CNFs 1.0  0.832  498 2 

ZIF-67-900 0.91 V 0.85 V 0.35 3 

COP-

TPP(Fe)@MOF-

900 

0.99 V 0.85 V 0.2 4 

Co@Co3O4 @C-

CM 
0.93 V 0.81 0.1 5 

N-Carbon 

nanotube 

frameworks 

0.97 0.87 0.2 6 

Co3O4/rmGO 0.88 0.83 0.1 7 

N,S,O-OMC 0.96 0.75 0.15 8 

NG/C-Co-900-al 0.95 0.8 0.2 This work 

NG/C-900 0.89 0.78 0.2 This work 
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Table S3. Comparison of the ORR activity between NG/C-Co-900-al and other reported non-precious 

catalyst in the acid media. 

 

Catalyst 
Eonset 

(V vs. RHE) 

E1/2 

(V vs. RHE) 

Loading 

amount 

(mg/cm2) 

Decay 

(mV)/ the 

ADT 

cycle 

number 

Reference 

PANI-Co-C 0.80-0.81 0.75 0.6 -- 9 

PANI-Fe-C 0.91-0.93 0.81 0.6 -- 9 

Co-NPs/HNCS 0.85 0.773 0.501 
7 mV/ 

10000 
10 

Co-C-N 0.88  0.73  0.61 
15 mV/ 

5000 
11 

Fe-N-C 0.8 0.62 0.1 
40 

mV/3500 
12 

CoP-CMP800 0.74 0.64 0.6 -- 13 

ZIF-67-900 0.85 0.71 0.35 -- 3 

NG/C-Co-900-al 0.88 0.72 0.35 
17 mV/ 

10000 
This work 

NG/C-900 0.73 0.44 0.35 -- This work 
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Chapter 6. An ultrathin nitrogen-doped holey carbon 

layer coupled on graphene as an active metal-free 

electrocatalyst for the oxygen electrodes in alkaline and 

acid media  

An ultrathin nitrogen holey doped carbon layer (ca. 4.2 nm) derived from the zinc gluconate was 

coupled on the surface of graphene sheet as an effective and low-cost electrocatalyst which can 

applied for the oxygen reduction reaction (ORR) under the alkaline and acid condition, and oxygen 

evolution reaction (OER) under the alkaline environment. The remarkable activities of the novel 

electrocatalyst were demonstrated to arise from the selectively doped pyridinic nitrogen on the edges 

of its holey carbon layer. 

Introduction 

Excessive consumption of the conventional energy source worldwide and the related environment 

pollution from combustion of fuel cells urgently call for an extensive research on the renewable, clean 

and reliable energy sources.1 Meanwhile development of the associated energy devices to convert 

these new energy into the usable electricity is even more important. Metal-air batteries2 and fuel cells3 

are two the most viable existing energy conversion devices in this regard. However, their large-scale 

production and implementation were largely restricted by the high cost and insufficient durability of 

the noble metal-based electrocatalysts, e.g. Pt/C and Ir/C, which worked in the cathode to promote the 

sluggish oxygen reduction reaction (ORR)4 and oxygen evolution reaction (OER)5. Hence, it is 

imperative to substitute the noble metal-based electrocatalysts with other earth-abundant elements as 

the efficient electrocatalyst in metal-air batteries and fuel cells. In the past decades, a large spectrum 

of materials, such as transition metal-based6, 7 and non-metal catalysts8, 9, have been discovered to 

achieve remarkable ORR and/or OER performance. However, they still suffer from the insufficient 
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activity and stability. In view of this, it is crucial to prepare the high-performance and cost-effective 

bifuctional ORR/ OER electrocatalyst with the earth-abundant elements. 

Considering the low cost, earth-abundant source, high environmental compatibility and robust 

chemical stability, it is desirable to develop non-metal materials as the ORR and OER 

electrocatalysts.8 Nevertheless, non-metal electrocatalysts, which were principally heteroatoms-doped 

carbon materials have been rarely reported as the bifunctional ORR/OER electrocatalyst in the 

alkaline media and ORR catalyst in the acid. Hence, it is a great challenge to to further enhance the 

performance of the non-metal materials as the ORR/OER electrocatalyst, which can be adopted in a 

broad range of pH values. 

Nitrogen-doping has exhibited the most rewarding influence on improving the ORR/OER 

performance of the carbon material among different types of heteroatom-doping due to the strong 

electron-withdrawing ability of the nitrogen atoms.10 To be more specific, pyridinic N was attested to 

possess the highest activity to ORR11 and OER12 of all the doped nitrogen species because of its 

strong electron-withdrawing ability that would greatly facilitate the adsorption of the oxygen 

molecules on its neighbouring carbon atoms.8 Therefore, it would be ideal to dope more pyridinic 

nitrogen in the nitrogen-doped carbon catalyst to maximize its ORR/OER activities. On the other hand, 

it was testified that the pyridnic nitrogen was prone to form on the carbon edges, exhibiting a co-

existence relationship with each other.11 Thus, to produce the nitrogen-doped carbon electrocatalyst 

with high-cotent pyridinic nitrogen, it would be reasonable to strat with the preparation of the edge-

enriched carbon mateirals. 

Holey graphene has been proved to be a promising candidate in the field of electrocatalysis, e.g. 

supercapatior13 and batteries14, owing to its unique structural and electrochemical properties. 

Particularly, it has drawn a special attention in preparing the active ORR electocatalyst, due to its 

edge-enriched feature that favored the active doping of the heteroatoms. However, the holey graphene 

derived from the modification of graphene, either by H2O2 eching13 or by heat corrosion15, would 

inevitably disprut the perfect conjugated carbon structure in graphene, leading to a decline of the 

charge transfer ability and working stability. In this regard, to mitigate the low charge transfer 

problem and stability led by the disruption of the conjugated carbon strcture, we designed a method to 
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couple an ultrathin nitrogen-doped holey carbon layer (ca. 4.2 nm) on the surface of graphene as an 

efficient non-metal bifunctional ORR/OER electrocatalyst in the alkaline electrolyte and ORR 

electrocatalyst in the acid. The extraordinary ORR/OER performance was ascribed to the rational 

design of the electrocatalyst structure whereby the ultrathin holey carbon layer afforded the abundant 

selective doping of the pyridinic nitrogen and the underlying graphene sheet facilitated the fast charge 

transfer and morphologically stabilized the ultrathin holey carbon layer. Thus, the conflict between 

the high activity and the low charge transfer and stability existing in the holely graphene was perfectly 

reconciled. 

The synthesizing process of the carbon nanocomposite was illustrated in scheme 1. Firstly, a certain 

amount of zinc-gluconate was evenly dispersed in water via sonication and then mixed with the 

graphene oxide (GO) under the vigorous stirring till fully interacted. Thirdly, the mixture was treated 

by hydrothermal with the presence of ammonia. The obtained black paste was thoroughly washed 

with abundant amount of water and absolute ethanol separatively and then collected by centrifugation 

(denoted as NG/C-Zn-hydro). The final product was obtained by pyrolysis of the hydrothermal 

product with urea under the argon atmosphere (denoted as NG/C-Zn-cal-x, x represented the 

calcination temperature). 

 

Scheme 1. The preparation procedure of NG/C-Zn-cal. 

 

Experimental section 

Materials and instrumentation 



177 
 

Zinc gluconate, carbon supported Ir (20 wt% Ir) (Ir/C), carbon supported Pt (20 wt% Pt) (Pt/C), urea 

and Nafion (5 wt%) were purchased from Sigma Aldrich. The ammonia solution (25%), isopropanol, 

and absolute ethanol were purchased from the Chemsupply Company. 

Scanning electron microscope (SEM, JSM-7001F), transmission electron microscope (TEM, 

Philips F20), X-ray diffraction (XRD, Bruker D8 Advance diffractometer, equipped with a graphite 

monochromator) techniques and Bruker Multimode- 8 were employed for characterizing the crystal 

structures of the as-prepared samples. The chemical composition was analyzed by X-ray 

photoelectron spectroscopy (XPS, Kratos Axis ULTRA incorporating a 165 mm hemispherical 

electron energy analyzer). Raman spectra were collected with a Renishaw 100 system Raman 

spectrometer using 632.8 nm He-Ne laser. 

Synthesis  

All of the chemicals were of analytical grade and used without further purification. Graphene oxide 

(GO) was synthesized from natural graphite flakes according to one published paper.16 The obtained 

GO was fully dispersed in Milli-Q water by sufficient sonication to form a homogenous solution (5 

mg/mL). 0.36 g zinc gluconate was firstly dissolved in 4 mL Milli-Q water to form a homogeneous 

solution. 2 mL of the aforementioned GO solution (5 mg/mL) was then added and stirred for a few 

hours. Before transferring the mixing solution into the Taflon-lined stainless steel autoclave, 2 mL 

ammonia solution (25%) was added. The hydrothermal treatment was performed at the temperature of 

180 degrees for three hours. The resultant blackish paste was washed with ample amount of deionized 

water and absolute ethanol and collected by centrifugation and then finally dried by lyophilization. 0.2 

g of the dried hydrothermal product was fully mixed with 2 g urea and sequentially calcined at 

different temperatures (600, 700, 800, 900, and 1000) under the protection of argon gas. 

For the preparation of NG/C-900, all the preparing process was the same with NG/C-Zn-cal-900 

except 0.28 g glucose was used to substitute the zinc gluconate at the first beginning.  

Electrochemical measurements 

Oxygen evolution reaction. All the electrochemical studies were carried out with a standard three 

electrode system using a CHI 760D electrochemical workstation (CH Instruments, USA) at the room 

temperature. A graphitic rod (Φ = 0.8 cm) was used as the counter electrode and Hg/HgO (1.0 M 
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NaOH) electrode was served as the reference electrode. All the potentials included within the OER 

test were calibrated and converted to the reversible hydrogen electrode (RHE) according to the Nernst 

equation unless otherwise stated. The experiment was performed with a rotating disk electrode (RDE) 

(Φ = 5 mm), which was carefully polished with the alumina slurry (0.3 μm) and washed with 

abundant amount of water and ethanol before casting the catalyst ink. The polished RDE was dried in 

the N2 flow. 

For the preparation of the catalyst ink, 5 mg of the testing sample (Ir/C include) was 

homogeneously dispersed in a solution containing 700 μL of Milli-Q water, 250 μL of isopropanol, 

and 50 μL of Nafion (5 wt%) by sonication for at least 30 min. Then 10 μL of the obtained ink was 

drop-cast on the surface of the rotating disk electrode (RDE) and dried in the ambient condition to 

form a uniform layer (loading amount 0.25 mg/cm2).  

The linear sweep voltammetry (LSV) curves were recorded at the scan rate of 5 mV/s to minimize 

the capacitive current in 1 M KOH solution. The working electrode was cycled in the electrolyte until 

a stable polarization curve was obtained. The obtained LSV curves were corrected with 95% iR-

compensation. For the acquisition of the Tafel plots, the scan rate was adjusted to 0.1 mV/s. 

Chronopotentiometry test was carried out while maintaining the current density at 10 mA/cm2. The 

rotating speed of the RDE was maintained at 1600 rpm throughout the test to diminish the deviation 

caused by the oxygen bubbles generated on the surface of the electrode. 

Oxygen reduction reaction. The ink for the ORR test was prepared in the same way as for the OER 

test (Pt/C included). The electrolytic tank filled with 0.1 M KOH solution was pre-saturated with 

oxygen by constantly purging oxygen gas for at least half an hour. A uniform layer was formed on the 

surface of the RDE by 10 μL of the ink, sequentially dried in air (loading amount 0.25 mg/cm2). For 

the test in 0.5 M H2SO4, the volume of the catalyst ink dried on the surface of RDE increased to 15 μL 

(loading amount 0.375 mg/cm2). Other testing instruments were the same only a Ag/AgCl (3.5M KCl) 

electrode was employed as the reference electrode. All the potentials in the ORR related tests were 

calibrated to RHE based on the Nernst equation. 

For the evaluation of the LSV polarization curve, oxygen gas was pre-purged into the electrolyte 

for half an hour to saturate the solution. The working electrode was firstly cycled for several circles 
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until the curve was stable to get rid of the possible contaminant on the surface. The LSV polarization 

curves were recorded at different rotating speed (400 rpm, 625 rpm, 900 rpm, 1225 rpm, 1600 rpm 

and 2025 rpm) with the scanning rate of 10 mV/s. The electron transfer number was calculated by the 

Koutecky–Levich equations: 
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B = 0.62𝑛F𝐶0(𝐷0)2/3−1/6 

jK = 𝑛F𝑘𝐶0 

where jK , jL, and j represent the kinetic current density, diffusion-limiting current density and 

measured current density, respectively;  is the angular velocity of the disk; F is the Faraday constant; 

n is the overall electron transfer number during the oxygen reduction reaction; D0 is the diffusion 

coefficient of O2 in the electrolyte; C0 is the bulk concentration of oxygen;  is the kinematic viscosity 

of the electrolyte, and k is the electron transfer rate constant.  

Rotating ring-disk electrode (RRDE) voltammogram was carried out to examine the production of 

the peroxide intermediate. The current was recorded at the scanning rate of 10 mV/s while the 

potential of the ring electrode was held at 1.3V (vs. RHE). The percentage of the hydrogen peroxide 

produced and electron transfer number during the reaction was calculated based on the following 

equations: 

%H2O2 = 100
2𝐼𝑟/𝑁

𝐼𝑑 + (
𝐼𝑟
𝑁)

 

𝑛 = 4
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𝐼𝑟
𝑁

 

where Id is the Faradaic current on the disk, Ir is the Faradaic current at the ring and N is the collection 

coefficiency (0.37) of the ring electrode. 

To assess of the stability for the ORR test, the accelerated durability test wasperformed in different 

electrolytes. The cycling potential range was from 0.3 V to 0.8 V (vs. RHE) with a scanning rate of 

100 mV/s under the rotating speed of 1600 rpm.  
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Results and discussion 

The two-dimensional morphology of NG/C-Zn-hydro was disclosed by the scanning electron 

microscope (SEM) image and transmission electron microscopy (TEM) image (Figure S1). 

Specifically, the hydrophilic functional groups of GO sheets promoted the lateral growth of the 

gluconate ions which was due to they could interact with the carboxyl and hydroxyl in the gluconate 

ions.17 None noticeable particles could be discerned even in the high-resolution TEM (HRTEM) 

image (Figure S1), indicating the amorphous existence of the zinc species. According to the previous 

literature18, this was likely be the amorphous zinc (hydrous)oxide that contained large globular 

structural units with adsorbed gluconate anions in between. This was also verified by the X-ray 

diffraction (XRD) pattern of NG/C-Zn-hydro (Figure S2) that only one peak at 25 degrees assignable 

to the (0 0 2) of the graphitic carbon it was observed. Meanwhile, the uniform distribution of the 

amorphous zinc species was manifested by the energy dispersive X-ray (EDX) mapping image 

(Figure S3) wherein C, N, Zn, and O were perfectly overlapped. A serious of (HR)TEM pictures 

(Figure S4) were taken under different calcination temperatures (600, 700, 800, 900 and 1000 

degrees). At the initial stage, only the compact carbon layer on the surface of graphene was discerned. 

However, when the temperature was evaluated (and beyond) 900 degrees (close to the boiling point of 

zinc)19, a holely carbon layer emerged, with the hole diameter less than 10 nm (Figure 1a and 1b). The 

formation of the holey structure was ascribed to the heat-evaporation of the zinc species, which were 

known for the pore-forming in the carbon materials. For comparison, nitrogen-enriched carbon on the 

graphene sheet (NG/C-900, Figure S5) without the inclusion of zinc was prepared, in which the 

carbon layer on top of the graphene sheet was seamless, highlighting the vital function of zinc in the 

process of pore formation. The comparison between the EDX analysis (Figure S6) results of NG/C-

Zn-cal-800 and NG/C-Zn-cal-900 concerning the variation of the peak at 8.6 KeV (assigned to Zn) 

implicated the evaporation of the zinc species occurred at around 900 degrees. Furthermore, the XRD 

pattern of NG/C-Zn-cal-900 (Figure 1c) exhibited two prominent peaks, one at 25 degrees attributing 

to the (0 0 2) plane of the graphitic carbon and the other at 44 degrees assignable to the (100)/(101) 

diffractions of the graphitic carbon, revealing the presence of long-range two-dimensional ordering in 
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the carbon matrices formed during the calcination process.20, 21 The overlapping elemental distribution 

of N and C was manifested in Figure S7, wherein no signal of zinc was detected, indicative of the 

exhaustion of zinc during the heat-treatment. The thickness of NG/C-Zn-cal-900 measured by the 

atomic force microscopy (AFM) was around 5.2 nm (Figure 1d). After subtracting the thickness of the 

underlying graphene sheet (Figure S8), the thickness of the above holey carbon layer was roughly 4.2 

nm.  

 

Figure 1. a) The TEM image of NG/C-Zn-cal-900. b) The HRTEM image of NG/C-Zn-cal-900. c) The XRD pattern of 

NG/C-Zn-cal-900, showing the amorphous feature of it. d) The AFM image of NG/C-Zn-cal-900,  the average 

thickness measured was around 5.2 nm. 

 

For the further investigation of the carbon structure, Raman spectra was conducted.(Figure 2a). 

Two distinctive peaks assigned to carbon were observed for each sample within the detectable range, 

one at 1590 cm-1(G band) attributed to the vibration of sp2-bonded carbon atoms and the other at 1350 

cm-1 (D band) allocated to defect-induced vibrations. The decreased intensity ratio between G band 

and D band (IG/ID) of NG/C-Zn-cal-900 and NG/C-Zn-hydro signified the carbonization process. 

Furthermore, between NG/C-900 and NG/C-Zn-cal-900, the lower IG/ID value in NG/C-Zn-cal-900 

implied a great existence of the defect carbon site in it, in agreement with the holey morphology 

feature of NG/C-Zn-cal-900.   
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The absence of Zn species in NG/C-Zn-cal-900 was confirmed by the survey X-ray photoelectron 

spectroscopy (XPS) result (Figure S9), which was also supported by the result of the inductively 

coupled plasma atomic emission spectroscopy (ICP-OES) wherein none zinc element could be 

detected. Particularly, the high resolution XPS of N 1s (Figure 2b) was deconvoluted to investigate 

the transformation of the nitrogen species. The N 1s of NG/C-Zn-hydro showed the existence of 

graphitic nitrogen (ca. 401 eV), pyridinic nitrogen (ca. 398.5 eV), pyrrolic nitrogen (ca. 399.3 eV), 

and the imine-like nitrogen (-N=, ca. 399.7 eV).22, 23 After the calcination, the peak assigned the 

imine-like nitrogen vanished, accompanied by the rising content  of the other nitrogen species. As 

comparison, the N 1s of NG/C-900 was also analysed. The presence of the graphitic nitrogen, 

pyridinic nitrogen, and pyrrolic nitrogen was also noticed in NG/C-900 (Figure 2b). However, the 

proportion to each specific nitrogen kind was different from that of NG/C-Zn-cal-900. As predicted, 

the proportion of the pyridinic nitrogen was evidently higher in NG/C-Zn-cal-900 (Figure 2c). This 

was attributed to the abundant carbon edges in the holey carbon layer of NG/C-Zn-cal-900 that would 

induce more doping of the pyridinic nitrogen.24 It deserves to be mentioned that the overall nitrogen 

content in both samples was resembled, 4.2% for NG/C-Zn-cal-900 and 4.1 % for NG/C-900 

according to the survey XPS spectra of them (Figure S10). 

The structural information of the as-prepared samples was investigated by the Brunauer–Emmett–

Teller (BET) N2 adsorption-desorption isotherms. A radical enhancement of the BET surface area was 

noticed comparing NG/C-Zn-hydro (Figure S11) with NG/C-Zn-cal-900 (Figure 2d), from 29.29 m2/g 

to 256.44 m2/g. As control, the BET surface area of NG/C-900 (Figure S12, 99.8 m2/g) was measured 

to be much lower than that of NG/C-Zn-cal-900, implying the increased surface area from the holey 

structure. The corresponding pore distribution of NG/C-Zn-cal-900 was obtained from the isotherms 

adsorption branch by the Bar-rett–Joyner–Halenda (BJH) model (Figure 2d, inserted). The 

hierarchical pore distribution in NG/C-Zn-cal-900 was attributed to the evaporation of the zinc species 

and gasification of urea during the high-temperature treatment25. Besides, NG/C-Zn-cal-900 exhibited 

a higher pore volume value than NG/C-900, 0.75m3/g verse 0.337 m3/g, ascribing to the holey 

structure in NG/C-Zn-cal-900.  
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Figure 2. The Raman spectra of NG/C-900, NG/C-Zn-cal-900, and NG/C-Zn-hydro, the comparison between the value 

of ID/IG manifested the carbonization treatment and confirmed the abundant existence of defective sites in NG/C-Zn-

cal-900. b) The high-resolution XPS image of N 1s of NG/C-900, NG/C-Zn-cal-900 and NG/C-Zn-hydro. (the red line 

is for the pyridinic nitrogen, the purple line is for the imine-like nitrogen, the yellow line is for pyrrolic nitrogen and 

the green line is for the graphitic nitrogen) c) The comparison of the content of pyridinic, pyrrolic, imine-like and 

graphitic nitrogen in of NG/C-900, NG/C-Zn-cal-900 and NG/C-Zn-hydro from the deconvolution of N 1s XPS. d) 

The N2 adsorption-desorption isotherms of NG/C-Zn-cal-900 (inserted: The corresponding pore size distribution of 

NG/C-Zn-cal-900). 

 

The correlation between the ORR performance and the calcination temperature was evaluated by 

the linear sweep voltammetry (LSV) curve in the oxygen-saturated 0.1M KOH electrolyte (Figure 

S13). According to the obtained result, a drastic activity increase was noticed when the temperature 

reached 900 degrees, coincident with the hole-forming temperature. The activity drop occurred above 

900 degrees was caused by the instability of the nitrogen species, especially the pyridinic nitrogen, at 

the high temperature.19, 26 This was further verified by the element ratio analysis based on the survey 

XPS result of NG/C-Zn-cal-1000 (Figure S14) and the corresponding high-resolution XPS analysis of 

N 1s (Figure S15). In detail, NG/C-Zn-cal-900 delivered a remarkable ORR performance with respect 

to the onset potential (Eonset = 0.99 V (vs. RHE)), half-wave potential (E1/2 = 0.85 V (vs. RHE)) and 

diffusion limited current density (jlim = -6.1 mA/cm2), which was notably better than the benchmark 

Pt/C (0.96 V, 0.81V and -6 mA/cm2). The distinctively higher activity of NG/C-Zn-cal-900 compared 

with NG/C-900 (Eonset 0.92 V, E1/2 0.77 V and jlim -6.2 mA/cm2) confirmed the high activity from the 



184 
 

pyridinic N doping, underling the rationality of the catalyst design. To conclude, NG/C-Zn-cal-900 

synthesized by this paper should be classified as one of the best ORR electrocatalysts (Table S1). 

The crossover effect of small organic molecules, e.g. methanol, during the fuel cell test was proved 

to be detrimental to the activity of Pt/C. In this regard, 0.2 M methanol was separately added in the 

testing electrolytes of Pt/C and NG/C-Zn-cal-900 (Figure S16). The variation of obtained LSV curves 

was inappreciable comparing with those tested in the methanol-free electrolytes, which confirmed the 

excellent fuel selectivity of NG/C-Zn-cal-900 under methanol condition. 

To calculate the electron transfer number of NG/C-Zn-cal-900 during ORR in 0.1 M KOH solution, 

the LSV curves under different rotating speed were performed to obtain the Koutecky-Levich (K-L) 

plot (Figure 3b and inserted). The average electron transfer number out of the potential range varying 

from 0.1 V to 0.7 (vs. RHE) was calculated to be 3.92 from the slope of the K-L plot. A more reliable 

information concerning the complex reaction mechanism was provided by the RRDE result (Figure 

S17) in which the production of the hydrogen peroxide intermediate was monitored throughout the 

potential range. The RRDE result exhibited a low yield of hydrogen peroxide of NG/C-Zn-cal-900 

throughout the potential range (below 10%), which was similar to that of Pt. The electron transfer 

number over the whole potential range calculated from the RRDE result was close to four, signifying 

a four electron transfer pathway. 

The Tafel plots were performed for NG/C-Zn-cal-900, NG/C-900 and Pt/C to investigate the 

kinetics of the ORR process All three samples demonstrated similar slope values (Figure 3c) at their 

respective high polarization potential range, 83 mV/dec for NG/C-Zn-cal-900, 70 mV/dec for NG/C-

900 and 76 mV/dec for Pt/C, suggesting a similar reaction mechanism among them that the rate 

determining step (RDS) was likely to be the migration of adsorbed oxygen intermediates.27 The ORR 

stability of NG/C-Zn-cal-900 in 0.1 M KOH was examined by the accelerated durability test (ADT) 

between 0.6V and 1.0 V (vs. RHE) at a sweep rate of 50 mV/s for 10000 cycles. The negligible 

activity degradation after the ADT affirmed the robustness of NG/C-Zn-cal-900 for the alkaline ORR 

electrocatalysis (Figure 3d), better than that of Pt/C (Figure S18). 
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Figure 3. a) The ORR LSV curves of NG/C-900, NG/C-Zn-cal-900 and Pt/C in 0.1 M KOH solution under the rotating 

speed of 1600 rpm with the scanning rate of 10 mV/s. b) The ORR LSV curves of NG/C-Zn-cal-900 in 0.1 M KOH 

solution under different rotating speed (400, 625, 900, 1225, 1600, 2025) with a scanning rate of 10 mV/s (inserted: 

the corresponding K-L plots, the electron transfer number was averaged to be around 3.92) c) The ORR Tafel plots of 

NG/C-900, NG/C-Zn-cal-900 and Pt/C in 0.1 M KOH solution. d) The stability test result of NG/C-Zn-cal-900 after 

the ADT for 10000 cycles in 0.1 M KOH solution. 

 

Besides the investigation in the alkaline media, the ORR performance of NG/C-Zn-cal-900 was 

also tested in 0.5 M H2SO4 solution and Pt/C and NG/C-900 were likewise tested as the comparison 

(Figure 4a). Commonly, the ORR activity of the non-metal catalysts was recognized to be far less 

effective than metal-based electrocatalysts in the acid electrolyte, which was due to their intrinsic low 

activity of the active sites.28 On the contrary, the novel NG/C-Zn-cal-900 catalyst demonstrated quite 

high ORR activity under acid condition, which was approaching even superior to some of the metal-

based electrocatalysts (Table S2). Such superb activity was proposed to arise from the richness of the 

holey site in NG/C-Zn-cal-900 that afforded more active sites for the selective doping of the pyridinic 

nitrogen. For comparison, the ORR performance of NG/C-900 with lower pyridinic nitrogen content 

was significantly inferior compared with NG/C-Zn-cal-900. 

The average electron transfer number calculated from the slope of the K-L plots obtained from the 

LSV curves tested under different rotating speed (Figure 4b and inserted) was around 3.6, suggesting 

an approximate four-electron reaction pathway of NG/C-Zn-cal-900 in the acid media. Furthermore, 

the RRDE test (Figure S19) revealed that the production rate of the hydrogen peroxide decreased 

drastically once sweeping to the high polarization region (after 0.6 V vs. RHE), corresponding to the 

increasing electron transfer number, stabilizing around 3.6, confirming the approximate four-electron 
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transfer reaction pathway of NG/C-Zn-cal-900 in the acid media in the range of its high polarization 

potential. Meanwhile, the Tafel plot (Figure 4c) value of NG/C-Zn-cal-900 was calculated to be 128 

mV/dec while the value of Pt/C was 74 mV/dec, indicating a different reaction mechanism between 

them that the transfer of the first electron could be the RDS to NG/C-Zn-cal-900, whereas the 

migration of adsorbed oxygen intermediate was more likely to be the RDS to Pt/C.27 For the 

evaluation of the ORR stability of NG/C-Zn-cal-900 in the acid media, the ADT was performed. The 

potential shift of E1/2 of NG/C-Zn-cal-900 was merely 42 mV after cycling for 10000 times, notably 

outperformed Pt/C (Figure S20) where 90 mV was measured. Furthermore, to rule out the possible 

contribution of the trace amount of metal contents that dodged the previous dection, the poisoning 

experiments were carried out with the SCN-, which was proved to own a strong affinity with the metal 

centers (Figure S21). The neglectable variation with the presence of SCN- in both acid and alkaline 

electrolytes excluded the possible participation of the metal elements during the ORR of NG/C-Zn-

cal-900. 

 

Figure 4. a) The ORR LSV curves of NG/C-900, NG/C-Zn-cal-900 and Pt/C in 0.5 M H2SO4 solution under the 

rotating speed of 1600 rpm with the scanning rate of 10 mV/s. b) The ORR LSV curves of NG/C-Zn-cal-900 in 0.5 M 

H2SO4 solution under different rotating speed (400, 625, 900, 1225, 1600, 2025) with a scanning rate of 10 mV/s 

(inserted: the corresponding K-L plots, the electron transfer number was averaged to be around 3.5) c) The ORR Tafel 

plots of NG/C-900, NG/C-Zn-cal-900 and Pt/C in 0.5 M H2SO4 solution. d) The stability test result of NG/C-Zn-cal-

900 after the ADT for 10000 cycles in 0.5 M H2SO4 solution. 

 

Besides the outstanding ORR performance, NG/C-Zn-cal-900 also possess remarkable OER 

activity in the alkaline media, which was investigated by the LSV curve in the 1M KOH solution 

(Figure 5a). Results showed that the Eonset of NG/C-Zn-cal-900 was around 1.51V (vs. RHE) and the 
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potential value achieving the current density of 10 mA/cm2 (E10) was about 1.58 V (vs. RHE), 

comparable toIr/C (Eonset 1.44 V, E10 1.54 V), consolidating the excellent OER performance of NG/C-

Zn-cal-900 was among the best metal-free OER electrocatalysts (Table S3). Meanwhile, the superior 

OER activity of NG/C-Zn-cal-900 to NG/C-900 (Eonset 1.44 V, E10 1.54 V) highlighted the active role 

of the pyridinic nitrogen species that was rich in NG/C-Zn-cal-900. The similar Tafel slope value 

(Figure 5b) of NG/C-Zn-cal-900 (88.1 mV/dec) and Ir/C (86.5 mV/dec) demonstrated the superb OER 

kinetics of NG/C-Zn-cal-900 and a resembled reaction mechanism between them. Moreover, NG/C-

Zn-cal-900 also displayed a better stability than that of Ir/C during the chronopotentiometry test 

lasting up to 25000 s in 1M KOH. Together with the remarkable ORR activity, NG/C-Zn-cal-900 has 

demonstrated an outstanding bifunctional ORR/OER performance in the alkaline media that the 

potential gap between E1/2 and E10 was equal to that of Pt/C + Ir/C (separatively tested, Figure 5d), 

implicating the great potential of NG/C-Zn-cal-900 as the efficient air-electrode in the rechargeable 

zinc-air batteries.  

 

 

Figure 5. a) The OER LSV curves of NG/C-900, NG/C-Zn-cal-900 and Ir/C in 0.1 M KOH solution at the scanning 

rate of 10 mV/s. b) The OER Tafel plots of NG/C-900, NG/C-Zn-cal-900 and Ir/C in 0.1 M KOH solution. c) The 

chronoamperometric response of NG/C-Zn-cal-900 and Ir/C for 25000s in 0.1M KOH. d) The potential gap between 

EOER10 and EORR1/2 of NG/C-Zn-cal-900 and Ir/C+ Pt/C. 

 

Conclusions 
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To sum up, an advanced method to couple the ultrathin nitrogen-doped holey carbon layer (ca. 4.2 nm) 

on the graphene sheet was developed in this paper. The prepared ultrathin two-dimensional carbon 

nanocomposite displayed extraordinary ORR activity in both alkaline and acid media and OER 

activity in the alkaline media. The hole-forming was attributed to the evaporation of the zinc species 

buried in the hydrothermally formed carbon layer during the high-temperature treatment. The edge-

enriched feature of the holey carbon layer induced the selective doping of the pyridinic nitrogen. In 

line with the previous reports that ascried the high activity of the nitrogen doped carbon mateirals to 

the pyridinic nitrogen site, we found that the positive depence-correlation between the pyridinic 

nitrogen content and the ORR/OER activities. A notably optimized ORR/OER performance compared 

with the reported nitrogen-doped holey graphene was ascribed to the underlyig graphene sheet that 

perfectly reconciled the conflict relationship between the high activity of the holey carbon site and the 

impaired charge transfer due to its existence. Finially, the utilization of the cost-effective and eco-

friendly reagents and the two-step facile synthesizng approach would immensely prompt its practical 

implementation in the metal-air batteries and fuel cells. The idea of taking advantage of the low-

boiling point of zinc to produce the ultrathin holey carbon layer could also be inspirational to the 

design of other defect carbon materials. 
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Supporting Information 

 

 

 

 

 

 

 

 

Figure S1. b) SEM image of NG/C-Zn-hydro. b) TEM image of NG/C-Zn-hydro. c) HRTEM image 

of NG/C-Zn-hydro. 

 

The SEM, TEM, HRTEM images of NG/C-Zn-hydro disclosed the two-dimensional feature of NG/C-

Zn-hydro with a seamless top layer on the surface of graphene sheet, without the observing of any 

crystal lattice, suggesting the amorphous nature of it. 
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Figure S2. The XRD pattern of NG/C-Zn-hydro.  

 

The XRD pattern of NG/C-Zn-hydro indicated the amorphous feature of the zinc species formed 

during the hydrothermal process. 
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Figure S3. The EDX image of NG/C-Zn-cal-900. 

 

The EDX image of NG/C-Zn-cal-900 manifested the uniform and overlapping distribution of C, N, 

O ,and Zn after the hydrothermal treatment. 
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Figure S4. The TEM image of a) NG/C-Zn-hydro, c)NG/C-Zn-cal-600, e) NG/C-Zn-cal-700, g) 

NG/C-Zn-cal-800, i) NG/C-Zn-cal-900, and k) NG/C-Zn-cal-1000 and HRTEM image of b) NG/C-

Zn-hydro, d)NG/C-Zn-cal-600, f) NG/C-Zn-cal-700, h) NG/C-Zn-cal-800, j) NG/C-Zn-cal-900, and l) 

NG/C-Zn-cal-1000. 

The evolution of the porous structure was investigated by the TEM (HRTEM) images of the as-

prepared samples calcified at different temperatures. 

 

 



195 
 

 

Figure  S5. The EDX analysis of NG/C-Zn-cal-800 and NG/C-Zn-cal-900. The highlighted part of the 

red rectangle was assigned to the energy region of Zn. 

 

The EDX analysis of NG/C-Zn-cal-800 and NG/C-Zn-cal-900 indicated the vanishment of zinc 

species from 800 degrees to 900 degrees. 
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Figure S10. a) and b) The SEM image of NG/C-900 with different magnifications. c) The TEM image 

of NG/C-900. d) The HRTEM image of NG/C-900. 

 

 

The SEM, TEM and HRTEM images of NG/C-900 exhibited the layered morphology of NG/C-900 in 

which the top carbon layer was seamless, in contrast with the porous carbon layer in NG/C-Zn-cal-

900, stressing the importance of inclusion with Zn for the pore-forming. 
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Figure S7. The EDX image of NG/C-Zn-cal-900. 

 

The uniform and overlapping distribution of N and C were manifested, without any detectable signal 

from Zn. 
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Figure S8. The AFM image of GO. 

 

The thickness of GO sheet was measured to be around 1 nm. 

 

 

 

 

 

 

 

 

 

 

 



199 
 

 

Figure S9. The survey XPS spectrum of NG/C-Zn-cal-900. 

 

The survey XPS spectrum of NG/C-Zn-cal-900 confirmed the absence of Zn in it. 
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Figure S10. The survey XPS spectrum of NG/C-900. 
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Figure S11. The N2 adsorption-desorption isotherms of NG/C-Zn-hydro. (inserted: the corresponding 

size distribution of NG/C-Zn-hydro) 

 

The BET surface area measured for NG/C-Zn-hydro was around 29.29 m2/g, significantly lower than 

that of NG/C-Zn-cal-900, highlighting the importance of the high-temperature treatment. The 

inclusion of micropores analyzed from the N2 adsorption-desorption isotherms of NG/C-Zn-hydro 

was ascribed from the participation of Zn during the hydrothermal reaction that was proposed to cause 

microporous structure between the organic links. 
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Figure S12. The N2 adsorption/desorption curve of NG/C-900.  

The BET surface area calculated from the N2 adsorption/desorption curve of NG/C-900 was around 

99.8 m2/g,  much lower than that of NG/C-Zn-cal-900, contributing to the porous carbon structure 

dwelled in NG/C-Zn-cal-900. 
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Figure S13. The ORR LSV curves of NG/C-Zn-cal-x (x= 700, 800, 900, and 1000) in 0.1 M KOH 

solution under the rotating speed of 1600 rpm. 

 

The drastic increase in terms of the ORR activity corresponded to the evolution of the porous 

structure in the carbon layer, stressing the catalytic role afforded by it. 
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Figure S14. The survey XPS of NG/C-Zn-cal-1000. 

 The element ratio of N based on the result of the survey XPS of NG/C-Zn-cal-1000 compared with 

that of NG/C-Zn-cal-900 confirmed the reducing content of N with the elevation of temperature. 
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Figure S15. The high-resolution XPS of N 1s in NG/C-Zn-cal-1000. 

 

The analysis of the respective ratio of the nitrogen species between NG/C-Zn-cal-900 and NG/C-Zn-

cal-1000 consolidated the instability of pyridinic nitrogen compared with others at the high 

temperature. 
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Figure S16. The response of the methanol cross-over effect for a) NG/C-Zn-cal-900 and b) Pt/C with 

and without the addition of 2 M methanol. 

 

The contradicted response between NG/C-Zn-cal-900 and Pt/C stressed better fuel selectivity of 

NG/C-Zn-cal-900. 
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Figure S17. The RRDE result of NG/C-Zn-cal-900-al in the 0.1 M KOH solution. 

 

The low production rate of H2O2 was monitored by the RRDE, with respect to the preference to the 

four-electron transfer pathway of NG/C-Zn-cal-900-al in the 0.1 M KOH solution. 
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Figure S18. The ORR stability test result of Pt/C in the 0.1 M KOH solution. 

 

The ORR LSV curve of Pt/C in 0.1 M KOH solution showed discernable degradation after cycling 

10000 times. 
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Figure S19. The RRDE result of NG/C-Zn-cal-900-al in the 0.5 M H2SO4 solution. 

The low production rate of H2O2 in the region of high polarization region was monitored by the 

RRDE, with respect to the preference to the approximate four-electron transfer pathway of NG/C-Zn-

cal-900-al in the 0.5 M H2SO4 solution. 
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Figure S20. The ORR stability test result of Pt/C in 0.5 M H2SO4 solution. 

 

The E1/2 potential shift of Pt/C was around 90 mV after cycling in 0.5 M H2SO4 solution for 10000 

times. 
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Figure 21. The SCN- poisoning tests result of NG/C-Zn-cal-900 in a) 0.1 M KOH solution and b) 0.5 

M H2SO4 solution. 

 

The imperceptible variation of the LSV  curves of NG/C-Zn-cal-900 with the presence of SCN- in 0.1 

M KOH and 0.5 M H2SO4 solutions rule out  the possible contribution from the undectable metal 

contaminations. 
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Table S1. Comparison of ORR activity of NG/C-Zn-cal-900 with other reported metal-free 

electrocatalyst and transition metal electrocatalyst in 0.1 M KOH solution. 

Electrocatalyst 
Eonset (V vs. 

RHE) 
E1/2 (V vs. RHE) 

Loading amount 

(mg/cm2) 
Reference 

N-GRW 0.92 0.84 0.3  1 

S, N mesoporous 

carbon 
0.85 0.73 0.15 2 

NPMC-1000 0.94 0.85 0.45 3 

SHG 1.01 0.87 0.3 4 

N-doped CNT arrays 0.91 0.8 -- 5 

CNT-G >1.05 V ~0.87 0.485 6 

g-C3N4 /carbon 

composite 
~0.824 ~0.70 ~0.085 7 

Co3O4 /N-G 0.88 0.83 0.1 8 

Co SAs/N-C(900) 0.982 0.881 0.408 9 

Co-CNFs 1.0  0.832  498 10 

Co@ Co3O4 @C-

CM 
0.93 V 0.81 0.1 11 

NG/C-900 0.73 0.44 0.25 This work 

NG/C-Zn-cal-900 0.99 0.85 0.25 This work 
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Table S2. Comparison of ORR activity of NG/C-Zn-cal-900 with other reported metal-free 

electrocatalyst and transition metal electrocatalyst in the acid media. 

Electrocatalyst 
Eonset (V vs. 

RHE) 

E1/2 (V vs. 

RHE) 
Electrolyte 

Loading 

amount 

(mg/cm2) 

Reference 

NG@MMT 0.895 ~0.74 0.5 M H2SO4 0.6 12 

N-GNS-3 0.91 ~0.6 0.1 M H2SO4 0.07 13 

NPMC-1000 0.82 0.62 0.1 M HClO4 0.45 3 

NGCA 0.91 ~0.61 0.1 M HClO4 0.714 14 

PANI-Co-C 0.80-0.81 0.75 0.5 M H2SO4 0.6 15 

PANI-Fe-C 0.91-0.93 0.81 0.5 M H2SO4 0.6 15 

Co-NPs/HNCS 0.85 0.773 0.5 M H2SO4 0.501 16 

Co-C-N 0.88  0.73  0.5 M H2SO4 0.61 17 

Fe-N-C 0.8 0.62 0.5 M H2SO4 0.1 18 

NG/C-900 0.71 0.42 0.5 M H2SO4 0.375 This work 

NG/C-Zn-cal-900 0.88 0.65 0.5 M H2SO4 0.375 This work 
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Table S3. Comparison of OER activity of NG/C-Zn-cal-900 with other reported metal-free 

electrocatalyst and transition metal electrocatalyst in 1M KOH. 

Electrocatalyst Electrolyte 
Eonset 

 (V vs. RHE) 

E10(V vs. 

RHE, at 10 

mA/cm2) 

Loading 

amount 

(mg/cm2) 

Reference 

SHG 0.1 M KOH 1.49 1.6 0.64 4 

B doped CNTs 1 M KOH 1.65 1.83 0.04 19 

N, O, P tri-doped 

porous carbon 
1 M KOH 1.52 1.63 0.1 20 

g-C3N4 /G 0.1 M KOH 1.58 1.81 --  

oxidized carbon 

cloth 
0.1 M KOH 1.45 1.72 -- 21 

N-GRW 1 M KOH 1.51 1.59 0.3 22 

Surface oxidized 

MWCNT 
1 M KOH 1.53 1.59 0.12 23 

N-doped G/CNTs 

hybrids 
0.1 M KOH 1.45 1.63 0.25 24 

NG/C-900 1 M KOH 1.54 1.62 0.25 This work 

NG/C-Zn-cal-900 1 M KOH 1.51 1.58 0.25 This work 
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Chapter 7. Conclusions and Future Work 

7.1 Conclusions 

The major outcomes of this research project include: 

 The successful synthesis of GO with the Hummer’s method. 

 A thorough investigation of chemical properties of GO, including the weak non-covalent 

interactions with the transition metal ions and other small organic molecules, and covalent 

doping with the heteroatoms. Different types of graphene-based ORR and OER electrocatalysts 

have been prepared according to the unique chemical property of GO. The physical structure and 

chemical composition of the prepared electrocatalysts are also fully characterized. 

 The reaction mechanisms of OER and ORR are systematically studied with respect to the 

reaction pathway, the energy barrier of each step and the rate-determining step. The optimal 

energy state of the catalyst is carefully tuned by means of doping to match the requirement of the 

reaction.  

 To mitigate the high cost problem of the graphene-based electrocatalyst, all the experiments 

performed in this thesis is by earth-abundant elements with low-cost preparation method. 

 To tune the activity of the OER and ORR electrocatalyst at molecular level, the transition metal-

porphyrin coordination structures on the surface of graphene sheet is prepared. For this, the layer-

by-layer technique is applied to control the thickness of the porphyrin-coordinated structure on 

the surface of rGO. The result shows that the optimal performance of the electrocatalyst is the 

outcome of the balance between the number of the active sites and the steric hindrance.  

 To explore the influence of the catalyst structure on the ORR and OER performance, a 

graphene/carbon black- amorphous cobalt boride nanocomposite is prepared. It is shown that 

ORR is much more sensitive to the structure of the catalyst than OER. The mass transfer process 

plays a more prominent role during ORR than that in OER. The conductivity of the 

electrocatalyst also shows desicive effect to the final performance of the ORR electrocatalyst. At 
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last, the easily prepared nanocomposite exhibts impressive activities in the cathode of the 

rechargeable ZABs. 

 The Co-N coordination structure with high ORR activity is successfully prepared from the low-

cost and environmentally friendly cobalt gluconate and GO. The obtained electrocatalyst 

demonstrates remarkbale ORR activity in both alkaline and acidic media with robust stability. 

Different from the general understanding, it is indicated that the active sites in the Co-N 

coordinated electrocatalyst during ORR in alkaline and acidic media are different. Specifically, 

the metal coordinated center is tested to be active during ORR in the acididc solution, whereas 

the none metal element is the true active site during ORR in the alkaline media. This provides a 

new sight in understanding the active sites of the ORR electrocatalyst, which could effectively 

guild the synthesis of ORR electrocatalyst in different types of working electrolyte. 

 Taking advantage of the low boiling-point of the zinc species, an ultrathin carbon layer (ca. 4.2 

nm) was immobilized on the surface of graphene. The resultant electrocatalyst shows outstanding 

ORR and OER activities in both alkaline and acidic media with robust stability. The impressive 

catalytic performance of the resultant catalyst is attributed to the unique catalyst structure, which 

induces the selective doping of the active pyridinic species. 

The research presented in this thesis aims to find the low-cost and efficient graphene-based 

electrocatalyst for the electrochemical oxygen reduction and oxygen evolution reactions. Different 

types of electrocatalysts have been prepared via the interactions between GO and other 

inorganic/organic components. Specifically, a Co-/Ni- porphyrin multilayers on rGO was prepared to 

demonstrate the controllability of the ORR/ OER activity at the molecular level; a sandwich-like rGO/ 

carbon black/ cobalt borate was prepared at room temperate to investigate the influence of the catalyst 

structure on ORR and OER; a Co-N coordinated carbon layer immobilized on graphene sheet was 

synthesized to study the different ORR active site in alkaline and acidic electrolytes; an ultrathin 

holey nitrogen doped carbon layer immobilized on graphene sheet was prepared as a metal-free ORR 

and OER bifunctional electrocatalyst in both alkaline and acidic media. By rational design of the 

catalyst structure, a prominent catalytic performance was achieved. The four types of electrocatalysts 

are designed from different perspectives. The activity of the graphene-based electrocatalyst is studied 
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from the transition metal-based material to metal-free catalyst. These research works demonstrate that 

the graphene-based electrocatalyst could be prepared via various methods with different chemical 

reagents. However, it needs to point out that there is still a large improvement room of these catalysts. 

For example, despite the successful controllability of the catalytic performance at the molecular level 

in Chapter 3, the activity of the resultant catalyst is less satisfying compared with other state-of-the-art 

electrocatalysts.  

Nevertheless, though the graphene-based ORR and OER electrocatalysts studied in this thesis 

and reported by other people suffer from the none-neglectable problems, like the high cost and poor 

reproducibility, they still show promising potentials as the substitute of noble metal electrocatalyst in 

metal-air batteries and fuel cells. It is believed by more advanced design and thorough study of the 

reaction mechanism, the graphene-based ORR and OER electrocatalysts can be applied in the 

commercialized metal-air batteries and fuel cells in the near future. 

7.2 Future work 

This thesis concentrates on the exploration of the ORR and OER reaction mechanisms and 

performance improvement of the graphene-based electrocatalysts. By rational experiment design, 

different types of graphene-based ORR and OER electrocatalysts have been prepared with earth-

abundant elements. However, even though impressive catalytic performance of these prepared 

graphene-based electrocatalysts have been primarily achieved, there are still some problems that need 

to be further dealt with. Therefore, further investigation and study should be proceeded as follows: 

➢ Based on the successful controbility of the catalytic performance at the molecular level, a further 

investigation regarding the reaction mechanism, such as the exact active site and in-situ change 

of the catalyst, needs to be carried out.  

➢ Besides zinc air battery, ther types of energy storage and conversion devices like lithium-air 

batteries could also be assembled and tested with the resultant catalysts. 
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➢ A scalable low-cost method is still needed for the application in the commerialzied energy device. 

Therefore, more rational designs are needed to be explored to accelerate the process of the 

commerilization of the graphene-based ORR and OER electrocatalyst. 

➢ In addition to ORR and OER, graphene-based electrocatalyst has also demonstrate decent 

performane in other types of electrocatalytic reactions, such as carbon oxide reduction reaction 

and nitrogen reduction reaction. Therefore, the further test of the obtained graphene-based 

electrolcatayst in other electrochemical reactions is expected. 

Last but not the least, the synthesis of the graphene-based electrocatalyst in this thesis could enlighten 

the design of other types of electrocatalyst for different electrochemical reactions. The exploration of 

the graphene-based electrocatalyst could largely boost the development of various kinds of energy 

strorage and conversion devices.  

 




