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Abstract 
 

The development of electrocatalysts for the oxygen reduction reaction (ORR), oxygen 

evolution reaction (OER), and hydrogen evolution reaction (HER) is of crucial importance to 

address the global demand for sustainable energy conversion devices with high efficiency, such as 

fuel cells and metal–air batteries, and the production of hydrogen by electrolysis of water. 

Nanostructured carbons are promising materials for these applications due to their low cost and 

ease of preparation, and have consequently found applications in lithium ion batteries, 

supercapacitors, and electrochemical catalysis. The performance of such nanostructured carbon 

materials in the respective devices crucially depend on their chemical, micro- and nanostructures, 

which can be influenced and tailored by using suitable molecular or supramolecular carbon 

precursors. For example, metal- and nitrogen-doped carbon (M-N-C) nanomaterials have been 

shown remarkable performance in several electrocatalytic reactions. Consequently, metal-organic 

complexes or larger supramolecular structures, which contain nitrogen-rich organic molecules are 

highly interesting precursors for the preparation of M-N-C based electrochemical catalysts. 

Metal-organic precursors furthermore allow to tailor the micro- and nanostructures (e.g. the 

morphology, surface area, pore structure and pore size) of carbon materials, which as well can 

have crucial impacts on catalytic performance. 

In this thesis, a novel type of metal-organic precursor was developed, formed by mixing 

FeCl3·6H2O with different organic compounds, for example dopamine hydrochloride (DA), 

catechol, and aniline. The hybrids form layered structures in which the inorganic and organic 

compounds are organized in alternating layers. Dopamine hydrochloride-iron chloride (DA-Fe) 

aggregates and the carbon materials derived therefrom were studied in more detail. The Fe- and 

N-doped carbon prepared at 700 oC exhibited a 2D structure with abundant micropores on the 

surface and a specific surface area of 1752 m2 g-1. The combination of Fe- and N-doping, the 2D 

morphology and high surface area, yielded an excellent ORR performance for this noble 

metal-free catalyst, which could be exploited in Zn-air batteries. These results have been 

published in Advanced Materials (2017, 29, 1700707) entitled 2D Porous Carbons prepared from 

Layered Organic-Inorganic Hybrids and their Use as Oxygen-Reduction Electrocatalysts. 
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The low-cost and facile production of this metal-organic precursor is promising for large-scale 

production of metal-N doped porous carbon as electrochemical catalysts. Furthermore, the fast 

and simple synthetic protocol provided numerous possibilities to assemble this precursor with 

other components and templates, e.g. to synthesize hierarchically porous materials. In this respect, 

in a second project, the DA-Fe precursor was mixed with silica nanoparticles, which could be 

removed after the carbonization process. The obtained carbon material showed a hierarchically 

porous structure with mesopores of around 20 nm and abundant micropores. The surface area of 

the 2D meso/microporous carbon reaches 1168 m2 g-1. Further modification of the carbon material 

can be achieved by addition of Co salts to the precursor, which finally yields a Fe- and Co- -doped 

hierarchically porous carbon. The metal species are atomically dispersed in the carbon matrix 

proven by HAADF HR-STEM images. The so obtained catalyst showed a high activity for the ORR, 

as well as a very convincing performance for the OER, and could therefore be applied as 

bifunctional air cathode in a rechargeable Zn-air battery. The results of this work have been 

published in Angewandte Chemie International Edition (2018, 57, 1856-1862) with the title Active 

Salt/Silica‐Templated 2D Mesoporous FeCo‐Nx‐Carbon as Bifunctional Oxygen‐Electrodes 

for Zn‐Air Batteries  

Catechol groups, also found in DA, show a strong binding affinity to metals and are widely 

investigated in metal-phenolic network structures. In a third project, DA was again employed 

however this time to form a metal-organic precursor with molybdate. The coordination reaction 

was very fast and could be completed within one hour in water. Again, the precursor could be 

easily assembled with silica nanoparticles and in this case formed a micro-spherical hybrid 

precursor. After carbonization and removal of the silica template, mesoporous carbon spheres 

loaded with very small and uniformly distributed Mo2C/Mo2N nanoparticles were obtained. The 

as-synthesized Mo2C/Mo2N on mesoporous carbon spheres showed high performance for 

hydrogen production in alkaline media Furthermore, we investigated the influence of the 

mesoporous structure on the performance for the HER. These findings were published Advanced 

Functional Materials (2018, 1807419，Doi: 10.1002/adfm.201807419) entitled Metal-Organic 

Precursor–Derived Mesoporous Carbon Spheres with Homogeneously Distributed Molybdenum 

Carbide/Nitride Nanoparticles for Efficient Hydrogen Evolution in Alkaline Media  
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Zusammenfassung 
 

Die Entwicklung von Elektrokatalysatoren für die Sauerstoffreduktionsreaktion (ORR), 

Sauerstoffentwicklungsreaktion (OER) und Wasserstoffentwicklungsreaktion (HER) spielt eine 

bedeutende Rolle für eine zukünftige nachhaltige Energieumwandlung und -speicherung, zum 

Beispiel durch Brennstoffzellen oder Metall-Luft-Batterien sowie der elektrokatalytischen Spaltung 

von Wasser. Nanostrukturierte Kohlenstoffe sind aufgrund ihrer oft kostengünstigen und einfachen 

Herstellung vielversprechende Materialien für diese Anwendungen, wie auch deren Einsatz in 

Lithiumionenbatterien, Superkondensatoren und als elektrochemische Katalysatoren beweist. Die 

Leistungsfähigkeit solcher nanostrukturierten Kohlenstoffmaterialien hängt dabei entscheidend 

von ihrer chemischen, Nano- und Mikrostruktur ab, welche sich durch den Einsatz von geeigneten 

molekularen oder supermolekularen Vorstufen beeinflussen und im besten Fall sogar 

maßschneidern lässt. Metall- und Stickstoff-dotierte Kohlenstoffmaterialien (M-N-Cs) haben in der 

letzten Zeit gesteigertes Interesse erfahren, da in vielen Arbeiten gezeigt wurde, dass sie 

bemerkenswerte Umsätze in den verschiedensten elektrokatalytischen Reaktionen aufweisen 

können. Metallorganische Komplexe oder supramolekulare Strukturen, die mit stickstoffreichen 

organischen Liganden aufgebaut werden, sind daher ideale Vorläufer für M-N-Cs. Durch den 

Einsatz geeigneter molekularer Precursoren kann dabei nicht nur die chemische Struktur, wie die 

Metall- oder N-Dotierung, sondern auch die Morphologie, Oberfläche, Porenstruktur und die 

Porengröße eingestellt werden.  

In der vorliegenden Arbeit wurden neue metallorganische Precursoren basierend auf 

FeCl3∙6H2O und verschiedenen organischen Molekülen, wie beispielsweise Dopaminhydrochlorid 

(DA), Catechol oder Anilin, hergestellt und untersucht. FeCl3∙6H2O bildet mit diesen organischen 

Verbindungen Schichtstrukturen aus, wobei sich anorganische und organische Schichten 

alternierend anordnen. Als vielversprechendster Precursor wurde Dopamin hydrochlorid-FeCl3 

(DA-Fe) ausgewählt und die daraus erhaltenen Kohlenstoffmaterialien im Detail untersucht. Der 

Fe- und N-dotierte Kohlenstoff, der bei 700 °C hergestellt wurde, besitzt eine mikroporöse 2D 

Schichtstruktur und eine Oberfläche von 1752 m2 g-1. Durch Kombination der 2D Morphologie, der 

Fe- und N-Dotierung und der hohen Oberfläche zeigt dieser edelmetallfreie Katalysator eine 
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herausragende Leistung für die Sauerstoffreduktionreaktion (ORR) und kann daher z.B. in 

Zink-Luft-Batterien eingesetzt werden. Diese Ergebnisse wurde mit dem Titel „2D Porous Carbons 

prepared from Layered Organic-Inorganic Hybrids and their Use as Oxygen-Reduction 

Electrocatalysts” in  Advanced Materials (2017, 29, 1700707) publiziert.  

Die metallorganischen Vorstufen können durch ihre kostengünstige und einfache 

Herstellungsweise in großem Maßstab produziert werden und stellen damit eine 

erfolgsversprechende Methode dar, um M-N-Cs für die elektrochemischen Katalyse herzustellen. 

Desweitern bietet die schnelle und einfache Synthese weitere Variationsmöglichkeit des 

Syntheseprotokolls. So können die Precursoren zum Beispiel mit weiteren Komponenten, wie z.B. 

Templaten  kombiniert werden, um so hierarchisch poröse Materialien darzustellen. Im zweiten 

Projekt wurde ein solches hierarchisch poröses Material synthetisiert, indem dem DA-Fe 

Precursor Siliziumdioxidnanopartikel beigemischt wurden. Nach der Karbonisierung und der 

Entfernung der Nanopartikel wurde ein gemischt-poröses Material mit einer Oberfläche von 

1168 m2 g-1 erhalten. Das Material weist sowohl Mikro- als auch Mesoporen auf, welche im 

Größenbereich < 2 nm bzw. 20 nm liegen. Des Weiteren kann durch die Zugabe von Cobaltsalzen 

die Dotierung der Kohlenstoffmaterialien modifiziert werden. So wurde schließlich ein Fe- und Co- 

dotiertes, hierarchisch poröses Kohlenstoffmaterial hergestellt. Eine Verteilung der Metalle in 

atomaren Größenordnungen in der Kohlenstoffmatrix wurde mittels HAADF und HR-STEM 

Abbildungen nachgewiesen. Der erhaltene Katalysator weist nicht nur eine hohe Aktivität für der 

Sauerstoffreduktion (ORR), sondern auch für die Sauerstoffentwicklungsreaktion (OER) auf, 

wodurch der Katalysator in bifunktionalen Sauerstoffkathoden in wiederaufladbaren 

Zink-Luft-Batterien eingesetzt werden kann. Diese Ergebnisse wurde im Journal Angewandte 

Chemie Internation Edition (2018, 57, 1856-1862) mit dem Titel „Active Salt/Silica‐Templated 2D 

Mesoporous FeCo ‐ Nx ‐ Carbon as Bifunctional Oxygen ‐ Electrodes for Zn ‐ Air 

Batteries“ veröffentlicht.  

Cathechol-Gruppen sind bekannt für ihre hohe Bindungsaffinität gegenüber Metallen. Diese 

funktionelle Einheit ist auch im Molekül Dopaminhydrochlorid (DA) wiederzufinden und kann in 

Verbindung mit Molybdänsalzen einen metallorganischen Komplex bilden. In Lösung bilden diese 

Komplexe in Kombination mit Siliziumdioxidnanopartikeln sphärische Partikel mit Durchmessern 
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von einigen Mikrometern. Nach der Karbonisierung und Entfernung des Siliziumdioxidtemplats, 

werden mesoporöse Kohlenstoffkugel erhalten, welche gleichmäßig verteilte Mo2C/Mo2N 

Nanopartikel enthalten und eine hohe Aktivität in der Wasserstoffentwicklungsreaktion (HER) 

aufweisen. Diese Arbeit wurde in Advanced Functional Materials (2018, 1807419 ， Doi: 

10.1002/adfm.201807419) unter dem Titel „Metal-Organic Precursor–Derived Mesoporous 

Carbon Spheres with Homogeneously Distributed Molybdenum Carbide/Nitride Nanoparticles for 

Efficient Hydrogen Evolution in Alkaline Media“ veröffentlicht. 
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Chapter 1. Introduction 
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1 Introduction: 

1.1 Aims and outline of this thesis 

In the last few years, the development of electrocatalysts for the oxygen 

reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution 

reaction (HER) was increasingly driven by the global demand for energy conversion 

devices with high efficiency, such as fuel cells and metal-air batteries.[1-6] Although 

noble metal-based electrocatalysts (e.g. platinum, iridium, and ruthenium) are sti ll the 

most practical choices for these reactions, the scarcity and high cost of these noble 

metals have hindered their large-scale application and remain a bottleneck for the 

commercialization of the mentioned devices.[7-14] Therefore, over the past decades, 

numerous efforts have been devoted to explore efficient non-noble metal 

electrocatalysts to substitute these noble metal-based catalysts in the ORR, OER, 

and HER. 

In this regard, porous carbon nanomaterials are of substantial interest, as they 

combine good electrical conductivity, low weight, and high surface areas with 

chemical/electrochemical activity and durability.[15-18] These properties have motivated 

numerous studies concerning the applications of porous carbon nanomaterials as 

electrochemical catalysts or catalyst supports for ORR, OER, and HER.[17, 19, 20] Most 

of these reports seem to confirm that nanostructured porous carbons are highly 

promising materials for future large-scale applications and consequently various 

fabrication methods yielding numerous kinds of nanostructures of porous 

carbon-based catalysts have been developed.[17, 20, 21] Such carbon materials are 

often categorized regarding their dimensionality, such as bulk graphite materials, 

one-dimensional (1D) carbon fibers, two-dimensional (2D) carbon nanosheet 

structures, and three-dimensional (3D) carbon networks. These different carbon 

nanostructures have their advantages and disadvantages, which we have 

summarized and discussed in detail in a recent review article, 
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see …………...….….……….SL01.  

In order to fabricate carbon materials with different structures and catalytic 

properties, one key point lies in the careful choice and modification of the carbon 

precursors. Up to now, numerous molecular precursors, polymer precursors, and 

supramolecular precursors have been developed for synthesizing carbon catalysts. 

Among them, metal-organic molecules or materials are considered as the most 

promising precursors for synthesizing carbon based electrochemically active 

materials. For example, since the electrocatalytic activity of cobalt 

(Co)-phthalocyanine towards the ORR was firstly reported,[22] comparable 

metal-macrocyclic compounds have been widely investigated to fabricate metal-N 

doped carbon for electrochemical catalysis.[23-28] Also several polymers (such as 

polyaniline, polypyrrole, and so on) with coordinated metal ions were applied to 

synthesize high performance electrochemical catalysts in the last decades.[29-34] 

Recently, another type of metal-organic hybrid material has gained considerable 

interest, in which metal ions are either incorporated in pre-formed organic networks 

such as porous polymers, covalent organic frameworks (COFs) or covalent triazine 

frameworks (CTFs) or are even integral parts of these networks such as in 

metal-organic frameworks (MOFs).[15, 35-38] The intimate mixing of the metal and the 

organic species make such materials promising precursors to synthesize catalysts 

with homogeneous atom distribution yielding high electrochemical performances. 

However, the synthetic processes for fabricating these metal-organic precursors can 

be quite complex and time- and energy consuming and therefore represent one main 

drawback for the large-scale preparation of carbon-based catalysts. It is therefore of 

significance to identify types of metal-organic hybrid precursors, which can be easily 

synthesized, tailored and optimized for different electrochemical reactions. 

Consequently, the main aim of this thesis is to develop new classes of metal-organic 

precursors for fabricating high-performance carbon-based ORR, OER, and HER 

catalysts. 

The type of nanostructure implemented in a carbon nanomaterial strongly 

influences its properties. For example, microporosity yields in very high surface areas, 
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while mesoporosity increases the accessibility of the catalytic surface due to larger 

transport channels; furthermore, the 2D structure always yields highly exposed 

surfaces, while 3D structure benefits from better connected electron transfer 

pathways. It is therefore of interest to control the synthesis of different nanostructured 

carbon-based catalysts to make it possible to investigate how these nanostructures 

influence their catalytic performances. Another aim of this thesis is to develop facile 

strategies to synthesize porous carbon materials with variable structures to yield 

insight into structure-function relationships. This has been achieved by the 

development of different types of templates for fabricating 2D microporous, 2D 

meso/micro-porous, and 3D spherical mesoporous-structured carbons.[2, 39-47]  

 

Here, metal-organic precursors derived from iron chloride hexahydrate as metal 

source and dopamine, catechol, and aniline, respectively, as organic precursors, are 

developed. Surprisingly, mixing these compounds at first offered a highly viscous 

liquid, which subsequently crystallized in a metal-organic layered-solid. Carbonization 

and purification yield a 2D porous carbon material, which were consequently tested as 

noble-metal free ORR catalysts. These results are published 

in……………………………………………. SL02.  

This new series of metal-organic precursors allow the facile preparation of 

composites due to the formation of a liquid intermediate. In a first attempt this was 

exploited in a dual-templating approach to achieve hierarchically meso/microporous 

carbons. Silica nanoparticles with diameters of 22 nm were chosen as hard templates 

to generate mesopores. The assembly of different amounts of silica nanoparticles with 

the metal-organic precursor yielded different morphologies and structures. The 

properties of a 2D microporous carbon prepared without and the 2D 

meso/microporous carbon prepared in presence of the silica template were compared 

to gain insight into the impact of the mesoporous structure on catalytic and other 

properties. This approach is highly versatile, not only allowing the design of 

mesopores and chemical structures, e.g. heteroatom doping, but also the 

incorporation of a variety of metals. Here, a bimetal (Fe/Co) doping was achieved, 
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which yielded a material with both high ORR and OER activities. When applied as an 

air-cathode in a rechargeable Zn-air battery, this material could outperform the 

state-of-art Pt/C catalyst. The detailed discussion and results on this project are 

published in……………………………………..…SL03. 

The abovementioned projects have shown that the catechol group of the organic 

compounds in our metal-organic precursors is highly valuable to coordinate metal ions 

and form supramolecular metal-organic structures. Inspired by this finding, a range of 

other metals were tested, yielding a new type of metal-organic precursor from 

molybdate coordinated DA. The resulting supramolecular structures are interesting 

precursors for constructing Mo-based electrochemical catalysts. Distinct from 

previous studies on Mo-based MOF precursors, the present synthetic strategy relies 

on a fast and tunable aqueous self-assembly process derived from the coordination of 

DA to sodium molybdate. Again, the formation process of the Mo-DA precursor allows 

the facile incorporation of silica templates, enabling the synthesis of mesoporous 

Mo-based carbon electrocatalysts. These electrocatalysts show uniform mesoporosity 

and incorporate abundant small and nanocrystalline Mo2C/Mo2N heterojunctions, 

which are responsible for efficient hydrogen production from water. Both, the effect of 

mesoporosity and the heterojunction structures on hydrogen production performance 

have been investigated in this work. The results and a detailed discussion are 

published in……………………………SL04. 

 

1.2 Structure of the thesis 

The introduction of this thesis (Chapter 1) briefly describes the development of 

various kinds of metal-organic carbon precursors, discussing their chemical structures 

and morphologies. Furthermore, an overview of the preparation and carbonization 

process, structural characterization, and properties of carbon materials derived from 

such precursors is given. Then, the basic electrochemical reactions mostly catalyzed 

by these materials, namely ORR, OER, HER, and potential applications, are 
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discussed. Finally, the fundamental techniques and methods used to measure the 

catalytic activity of the catalysts and the parameters used for evaluating their 

performances are introduced. 

Each of the following chapters, 2-4, summarize one project which was published 

in SL02, SL03, and SL04. The corresponding abstract is reprinted followed by a 

project summary. Then the findings are summarized and set into context in Chapter 5, 

in an outlook and summary. The complete manuscripts are attached in Chapter 7 as 

publication reprints.  

 

 1.3 The diversity of metal-organic precursors 

Metal-organic carbon precursors can be described as a class of hybrid materials, 

in which the metal and the organic compound are mixed on a nanometer or molecular 

length scales. Nanometer level hybrids are usually composites of polymers and 

inorganic nanoparticles, which have been widely investigated as precursors for 

synthesizing carbonaceous functional materials.[29-31, 34, 48-50] As a typical example, a 

series of hybrids of polyaniline and metal oxide/hydroxide nanoparticles were reported 

by Feng et al. as precursors to synthesize metal-N doped carbon as ORR 

catalysts (Figure1.1).[51, 52] The nanosized metal oxide/hydroxide particles do not only 

serve to introduce metal dopants, but also act as template for the formation of 

mesoporous structure in the final carbon materials.[53] Similar nanoscale hybrids have 

also been reported in the last decades, however, in these cases aggregation of the 

inorganic compounds during the high-temperature carbonization process is not 

avoidable and these aggregates are difficult to remove afterwards.[29-31, 34, 49, 54, 55] 
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Figure 1.1: Typical example of polyaniline/metal oxide hybrid in nanometer scale. Reprinted from[51, 52], 

Reproduced with permission from John Wiley and Sons. 

 

Regarding this problem, molecular scale hybrids have been applied to generate 

more homogeneously dispersed active compounds in the obtained carbon materials.[2] 

Recently, with the rapid development of polymer and inorganic chemistry, diverse 

kinds of molecular scale hybrids have been discovered based on polymer/organic 

ligands, some of which are summarized in the following sections. 

 

1.3.1 Metal-organic frameworks (MOFs) 

Metal-organic frameworks (MOFs), including zeolitic imidazolate frameworks 

(ZIFs), are constructed by bridging metal containing secondary building units with 

organic linkers to create crystalline frameworks. As a novel class of metal-organic 

hybrid materials, MOFs have attracted great attention in recent years owing to their 

small pore sizes and high surface areas, controllable composition and structure, and 

the variety of synthetic methods to assemble them.[56-59] Figure 1.2 shows the 

structure of some representative MOFs. As shown in the figure, the organic units in 

MOFs are often divalent or polyvalent organic carboxylates or imidazole structures, 

which assemble into 3D structures with well-defined porosity when linking with metal 

containing units (e.g. Zn2+, Co2+, Cu2+, Mg2+, Ni2+, Al3+). The surface areas of MOFs 

usually range from 1000 to several thousand m2 g-1, while their pore sizes can be 

tuned by altering the organic linkers and metals.  
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Figure 1.2: Typical examples of MOF crystal structures and organic bridging ligands for the different 

metal-organic frameworks.[63] Reproduced with permission from Springer US. 

 

Furthermore, using the concept of isoreticular chemistry, the same metal clusters 

can be connected e.g. by ditopic carboxylate linkers with different lengths to produce 

a variety of MOF materials with the same network topology but changing pore size.[60] 

The variety of the constituents’ geometry, size, and functionality have led to more than 

20,000 different MOFs being reported and studied within the past few decades.[61] 

Changing the metal also yields different kinds of MOFs. For example, MOF-5 is based 

on linked Zn4O tetrahedrons by 1,4-benzenedicarboxylate (1,4-BDC) ligands, 

resulting in 3D cubic networks with interconnected 1.2 nm pores. Simply changing the 

metal units from Zn4O to Cr3O results in an obvious change in structure from MOF-5 

to MIL- 101, which contains large cages with the diameter of 3 nm.[60, 62]  

   The conventional synthetic methods for MOFs are hydrothermal and solvothermal 

approaches (Figure 1.3), while the reaction usually needs several hours to days to be 

completed. In a typical solution-based process, nucleation and growth first occurs in 
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solution, followed by an aggregation of first formed metal-organic clusters, to finally 

form an inorganic–organic crystal. To produce controllable MOF crystals and shorten 

the reaction time, some alternative synthetic approaches have been attempted, such 

as microwave-assisted,[64-66] sonochemical,[67] electrochemical,[68] and 

mechanochemical methods.[69] More efficient and facile methods to produce MOFs in 

large scale have also been reported. ZIFs (such as ZIF-8, ZIF-67) have been recently 

synthesized by simply mixing a methanol solution of the imidazole linker and 

Zn(NO3)2·6H2O at room temperature,[70, 71] which makes ZIFs promising precursors 

for synthesizing nanostructured carbon materials for different applications, such as 

batteries, catalysts, and supercapacitors. 

 

Figure 1.3: The conventional synthetic methods for MOFs.[63] Reproduced with permission from 

Springer US. 

Owing to the defined organic ligands, metal ions, and the controllable porous 

nanostructures, MOF-derived materials have been considered as one of the most 

promising candidates for applications in nanostructured electrochemical catalysts in 

recent years.[38, 56-59, 72-74] As MOFs can be easily converted into carbonaceous 

materials through a facile pyrolysis process, they have been frequently applied to 

develop nanostructured carbon/metal composites. Compared to the traditional 

synthetic methods for nanostructured carbon-based electrochemical catalysts, MOFs 

are indeed ideal precursors as they combine metals, heteroatoms and carbon 

precursors in one ordered structure. The structurally defined precursors minimize the 

generation of inactive species during thermal treatment, and provide many 
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possibilities for obtaining homogeneously distributed or even single atom doped 

carbon materials, which is highly desirable for electrochemical catalysts.[75]  

Carbonaceous catalysts prepared from Co-based ZIFs have for example showed 

promising performance in ORR in acid conditions.[70] This discovery initiated the 

exploration of using MOFs to prepare non-noble metal ORR catalysts. Beside ORR 

catalysts, MOFs derived HER, OER and CO2RR electrochemical catalysts are also 

widely investigated. Most recently, a series of single metal atom doped carbon 

materials were synthesized by employing MOFs as templates and precursors.[70, 76] 

For example, MOF derived porous carbons containing single Ni sites have been used 

for efficient electroreduction of CO2.[76] Starting from a compound consisting of a 

copper-based MOF host and a Mo-based polyoxometalate guest, mesoporous MoCx 

nano-octahedrons composed of ultrafine nanocrystallites were prepared which 

exhibited remarkable electrocatalytic performance for hydrogen production from both 

acidic and basic solutions.[46] These unprecedented achievements encouraged 

scientists to further develop more active catalysts by using well-defined MOF 

precursors to engineer their nanostructures and morphologies with an increased 

density of active sites.  

 

1.3.2 Metal ions coordinated to COFs and polymers 

Covalent organic frameworks (COFs) are porous crystalline polymers which are 

entirely constructed from light elements (H, B, C, N, and O). The synthesis of COFs 

enables the integration of various organic building blocks into an ordered structure 

with precision on the atomic scale. The first COFs were presented by Yaghi et al. who 

also demonstrated that topological design principles could be applied to their 

synthesis and structural determination.[77] Owing to the strong covalent bonds, COFs 

possess relatively high thermal and chemical stability. The preparation of COFs from 

molecular building blocks provides the opportunity to introduce different functional 

moieties into the frameworks. When metal coordinating groups are introduced and 
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used to bind a variety of metal ions, such materials become promising precursors for 

nanostructured functional carbon materials.[35, 37, 78, 79] As an example, metal 

porphyrin-based COFs, widely investigated as photocatalysts for hydrogen production, 

and CO2 reduction,[80-82] have been used for synthesizing carbon-based 

electrochemical catalysts.[83]  

Beside metal containing COFs, metal containing microporous polymer networks 

are also suitable precursors for synthesizing carbon-based catalysts. Very recently, 

Co nanocrystals encapsulated in N,O‐dual‐doped porous carbons have also been 

synthesized by carbonizing a heteroatom-rich‐conjugated microporous polymer with 

adsorbed Co salt. The uniformly distributed Co nanocrystals in the porous carbon 

matrix show a high activity and good stability towards the HER.[36] 

 

 
Figure 1.4: Structure of (A) Ni porphyrin-based COFs,[82] Reproduced with permission from American 

Chemical Society; (B) ionic COFs coordinated with PW12O403–,[35] Reproduced with permission from 

American Chemical Society; (C) CTFs coordinated with Pt catalyst.[84] Reproduced with permission 

from John Wiley and Sons. 
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As a new kind of COF, the first covalent triazine-based framework (CTF-1) was 

reported by Thomas et al. in 2008 by trimerization of dicyanobenzene in molten 

ZnCl2.[85] Later, by utilizing 2,6-dicyanopyridine as a monomer, a CTF with numerous 

nitrogen units is accessible, which can coordinate platinum atoms (Figure 1.4c). The 

obtained CTF based Pt performs high activity as a solid catalyst for the selective 

low-temperature oxidation of methane to methanol.[84] Although CTFs have not been 

used as carbon precursor directly, their further structural evolution at higher 

temperature synthesis leads to CTF-based “graphenal polymers” or carbonaceous 

materials.[86, 87] These CTF-based carbonaceous materials show significantly 

enhanced conductivity but still a relatively defined structure, such as nitrogen species 

and porosity, providing a reasonable model system for investigating the influence of 

heteroatom doping and pore structure on the electrochemical performance. 

 

1.3.3 Metal-phenolic networks 

Although, MOFs and metal containing COFs are promising metal-organic 

precursors for carbonaceous electrochemical catalysts the costly reactants, long 

reaction times and issues regarding up-scaling remain major challenges. However, for 

a realistic application large-scale production and facile and cost-effective synthetic 

protocols of metal-organic precursors for electrochemical catalysts are crucial. In 

recent years, metal-phenolic structures therefore attracted increasing attention.[88-90] 

For example, tannic acid, a natural product from plants and fruits, can be employed as 

an organic ligand to bind metal ions (Figure 1.5).[89, 90] The reaction between the 

phenolic groups in tannic acid and metal ions is very fast and the product is highly 

processable, for example on different templates.[91]  
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Figure 1.5: Schematic of the simple coordination reaction of metal-phenolic networks with different 

metal species.[89] Reproduced with permission from John Wiley and Sons. 

 

Owing to the facile synthesis, and low price and natural abundance of the 

precursors, such metal-phenolic networks are recently investigated as metal-organic 

precursors for synthesis of carbon-based electrochemical catalysts. For example, Co 

(or Fe3C) nanoparticles embedded in N- doped carbon composites have been 

reported by Wang et al., by carbonizing a mixture of metal–tannic acid crystals and 

dicyandiamide. The obtained catalyst shows high catalytic performances for both 

ORR and OER,[92] interesting for fuel cells or metal-air batteries.  

 

 1.4 Electrochemical reactions and applications 

1.4.1 Oxygen reduction reaction (ORR) 

Oxygen is the most abundant element on earth and the oxygen reduction reaction 
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(ORR) is one of the most important reactions in biological processes not only in 

respiration but also for energy converting systems.[93-96] The ORR can follow two 

pathways: a) a two-electron pathway from O2 to H2O2, and b) a direct four-electron 

pathway from O2 to H2O. Both pathways are currently investigated in different 

applications, such as the two-electron pathway in electrochemically H2O2 

production,[97, 98] and the four-electron pathway for fuel cells/metal-air batteries.[12, 93, 94, 

99-102] Meanwhile, also a one-electron reduction can occur in special conditions to 

convert O2 to superoxide (O2-). Therefore, the mechanism of electrochemical ORR is 

quite complicated and involves several intermediates.[103] Furthermore the reaction 

mechanism of the ORR is usually different on different kinds of electrodes, catalysts, 

and electrolytes. Typical thermodynamic electrode potentials of electrochemical ORR, 

and the corresponding reaction pathways are listed in Table 1.1. 

 
Table 1.1: Thermodynamic electrode potentials and reaction pathways of electrochemical ORR.[103] 

Electrolyte ORR reactions Thermodynamic electrode 

potential at standard 

conditions (V) 

Acidic aqueous 

solution 

O2 + 4H+ + 4e- — H2O 

O2 + 2H+ + 2e- — H2O2 

H2O2 + 2H+ + 2e- — 2H2O 

1.229 

0.700 

1.760 

Alkaline 

aqueous solution 

O2 + H2O + 4e- — 4OH- 

O2 + H2O + 2e- — HO2- + OH- 

HO2- + H2O + 2e- — 3OH- 

0.401 

-0.065 

0.867 

Non-aqueous 

aprotic solvent 

O2 + e- — O2-  

O2- + e- — O22- 

--- 

--- 

The thermodynamic potentials for the one-electron reduction reaction, and its further reduction, are 
not listed because their values are strongly dependent on the solvent used. 

 

The free energies of all the intermediates in Table 1.1 have been calculated on 

different metal surfaces and a volcano plot has been constructed based on the 

theoretical ORR activity and the oxygen adsorption energy (ΔEO). Figure 1.6A shows 

that Pt is near the top of the activity volcano.[104] The activity of a catalyst for this 

reaction is limited by the proton-electron transfer to O* or OH*, when its surface binds 
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oxygen too strongly. On the other hand, when the catalyst binds oxygen too weak, its 

activity is usually limited by proton-electron transfer to O2* or splitting of the O-O bond. 

Notably, even for a catalyst calculated to be on the top of the ORR volcano plot, that is 

with optimized ΔEO, a potential is still needed to initialize the reaction (0.3 to 0.4 V), 

which is the so called overpotential.[104-106] Figure 1.6B shows a timeline of the 

overpotential at jk = 2 mA cm-2 of state-of-the-art Pt-based ORR catalysts.[105] 

 
Figure 1.6: (A) ORR volcano plot for metals, and (B) Chronological trend in overpotential of Pt-based 

ORR catalysts.[104] Data obtained from [107-119]. Reproduced with permission from The American 

Association for the Advancement of Science. 

 

ORR is the key reaction at the cathode of proton exchange membrane (PEM) fuel 

cells, direct methanol fuel cells (DMFCs), and metal-air batteries. The slow ORR 

kinetics of current catalysts, and the high-cost of commercial Pt/C catalysts are the 

remaining bottlenecks of developing such energy conversion device. Extensive 

research over the past several decades has focused on developing alternative 

non-noble metal catalysts for ORR.[93, 94, 120, 121] There are usually two ways for 

designing highly active catalysts, one is increasing the number of active sites and the 

other is improving the intrinsic activity of the catalyst. The search for alternative 

non-precious-metal (e.g., iron, Co, or nickel) and heteroatom (e.g., nitrogen, boron, 

phosophorus, sulfur, or selenium)-doped carbon materials are also following these 

two ways. One main research focus is the design of catalytically active 

heteroatom-doped carbon structures. Also, the improvement of surface area and 
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porosity of the catalytic materials are highly relevant topics.[53, 93, 121, 122] 

Up to now, transition metal-doped carbon materials have been considered as the 

most promising catalysts for ORR. In this respect, the catalytic activity of transition 

metal compounds towards ORR strongly depends size and binding environment of 

the metal species.[93] Currently, the most active metal center seem to be FeNx, and 

some FeNx/C catalysts even outperformed conventional Pt/C catalyst.[123] 

Nevertheless, the catalytic mechanism is still largely unknown for these catalysts. The 

electrocatalytic activity of these compounds changes with respect to the central metal 

ions in the following order: Fe>Co>Ni>Cu. On the other hand, for one given metal 

center, the surrounding atoms can also affect the ORR activity. Unfortunately, the 

pyrolysis process to produce carbonaceous materials is usually hard to control, i.e. 

the final structure of the material and the active sites can hardly be predicted (Figure 

1.8).[30, 33, 124]  

 
Figure 1.7: Possible Iron Active Site Structures on Nanocrystal Graphite: (a) Top and (b) Side View.[124] 

Reproduced with permission from American Chemical Society. 

 

    Except the intrinsic activity of the ORR catalytic sites, the other key point for 

improving activity of ORR catalysts is the nano-/micro-structures of the materials, i.e. 

their morphology, porosity, pore size, surface area and the distribution of active sites 

can have strong influences.[33, 122] Therefore, as a part of this thesis, we are focusing 

on finding new precursors to design different nanostructured carbon-based ORR 

catalysts with highly active catalytic sites. 



Chapter 1. Introduction 

16 

1.4.2 Oxygen evolution reaction (OER) 

In OER, molecular oxygen can be produced via several proton/electron transfer 

pathways, which are almost opposite to the ones found in ORR. The reaction is highly 

depending on the pH, and strongly differing pathways are found in acidic or alkaline 

conditions. Usually, in acidic and neutral conditions, two H2O molecules are oxidized 

into four H+ and one O2; and in alkaline condition, the hydroxyl groups (OH-) are 

oxidized and transformed into H2O and O2.[125] The equilibrium half-cell potentials (E°a) 

at 1 atm and 25 °C for OER are:  

 

4 OH-↔2 H2O(l)+O2(g)+4 e- E°a=0.404 V     alkaline solution 

2 H2O(l)↔4H++O2(g)+4 e- E°a=1.23 V        acidic solution 

 

OER electrocatalysis is getting more and more attention in the last years because 

of its key role in water splitting, and rechargeable metal-air batteries. The production 

of O2 requires the transfer of four electrons, as shown in above equations. Kinetically, 

the OER process usually occurs through multi-step reactions with only one electron 

transfers at each step, and each of these steps need certain activation energies. 

Therefore, the accumulation of energy at these steps makes OER kinetics very slow 

and results in a large overpotential. Furthermore, partial oxidation of catalysts during 

production of oxygen under electrochemical conditions is practically unavoidable. 

Therefore, the development of catalysts combining high activity (i.e. low overpotential 

and high reaction speed) and good stability is the major challenge for a practical OER 

process.[126, 127] Furthermore, in the ideal case the OER catalyst should be composed 

out of earth-abundant elements and available at low cost to ensure scalability for 

industrial applications.[125]  
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Figure 1.8: OER volcano plot for metals oxide materials.[5] Reproduced with permission from The 

American Association for the Advancement of Science. 

 

Up to now, noble-metal-based catalysts are still superior to all other materials in 

terms of stability at all pH values, however, their high price and scarcity is a major 

bottleneck for practical applications. Therefore, numerous research efforts have been 

devoted to find alternatives for OER, including metal alloys, oxides and oxyhydroxides 

of earth abundant metals (e.g. Mn, Co, Ni, Fe, and etc.) and their composite/ternary 

structure systems.[128-135] The volcano plot of recently developed metal oxide based 

OER catalysts was summarized in Figure 1.8, where the noble metal Ir-based oxide is 

nearly stay on the top of the volcano, and the activity of non-noble metal based 

catalysts still need to be improved. In order to achieve highly active OER catalysts, the 

first step is to calculate and optimize the OH-binding energy on the surface of the 

OER catalysts. As reported, the binding energy can be tuned by changing the catalyst 

composition or crystal structures. Based on the numerous investigations on varying 

the OH-binding energy, in 2016, Sargent et al. reported OER catalysts based on 

ternary metal (Fe, Co, and W) compounds (Figure 1.9).[6] The room-temperature 

synthesized FeCoW oxyhydroxides exhibit low overpotential (191 mV) at 10 mA/cm2 

and more than 500 hours of operation stability. The authors reported that the 
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synergistic interplay between tungsten, iron, and Co produced a favorable local 

coordination and electronic environment to enable enhanced energetics for OER, 

proven by both experiment and theory (Figure 1.9).  

 

 
Figure 1.9: Tuning the energetics of OER intermediates via alloying. (A) Optimization of OH adsorption 

energetics. (B) OER activities calculated with DFT.[6] Reproduced with permission from The American 

Association for the Advancement of Science. 

 

1.4.3 Hydrogen evolution reaction (HER) 

The HER is the other half reaction of water splitting and is one of the well-studied 

electrochemical reactions. The reaction is pivotal to a range of energy conversion 

devices including water electrolyzers and artificial photosynthetic cells for H2 

production.[4, 136, 137] As illustrated by the following equations, the reaction proceeds 

through the reduction of protons or water molecules and the evolution of hydrogen 

gas. The standard reduction potential of the HER is defined as 0 V versus a normal 

hydrogen electrode at pH=0. Nevertheless, as for all chemical reactions, 

electrochemical processes have to surmount a certain activation energy barrier (which 
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is known as overpotential), to occur efficiently. Therefore, electrocatalysts are needed 

to lower the reaction overpotential and promote the reaction kinetics are needed. 

 

HER in acidic electrolytes: 

2H*(aq) + 2e- ↔ H2(g)   

HER in alkaline electrolytes: 

2H2O + 2e- ↔ H2(g) + 2OH (aq)-   

 

With the growing demand for renewable energy and the possibility of utilizing fuel 

cells as green devices for energy conversion, hydrogen produced from water splitting 

has attracted much attention during the past decades.[137-140] Again, noble metals, 

such as Pt, Ru, and Pd, have considered to be ideal HER electrocatalysts in terms of 

their low overpotential. Nevertheless, for the above-mentioned reasons the quest for 

finding inexpensive electrocatalysts is an active area of research. Recently, a series of 

non-noble metal based HER catalysts have been developed and their catalytic 

performance also follow a volcano map, as shown in Figure 1.10. Furthermore, it has 

been shown that by carefully controlling the nanostructure of the catalysts, their 

catalytic activity can be increased dramatically. As examples, the activities for Mo2S 

catalysts (Figure 1.10B) change significantly along with the change of 

nano-morphologies.[141-146] Therefore, the last part of this thesis has been devoted to 

the design of nanostructured HER catalysts, here by synthesizing a new Mo-based 

metal-organic precursor and corresponding self-assembly with silica nanoparticles. 

After carbonization of this new precursor and removal of the silica NPs, mesoporous 

carbon microspheres are observed which support Mo2C/Mo2N nanoparticle 

heterojunctions. These materials are investigated as HER catalysts. 
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Figure 1.10: (A) HER volcano plot for different metals and MoS2. [Reproduced with permission from[145, 

146]] (B) TOF avg plots with linear sweep voltammograms of various HER catalysts. Data obtained 

from[141-145, 147]. Reproduced with permission from The American Association for the Advancement of 

Science. 

 

 1.5 Techniques Used in Electrocatalytic Reactions 

The most frequently used techniques for ORR, OER, and HER electrocatalytic 

studies are cyclic voltammetry (CV), rotating disk electrode (RDE), and rotating 

ring-disk electrode (RRDE) measurements, as well as steady-state polarization. All 

these measurements are realized in a three-electrode system, with a working 

electrode loaded with the catalysts for measurement, a reference electrode, and a 

counter electrode (usually a Pt wire or graphite rod). In this part, a detailed description 

for these techniques will be provided. 

 

1.5.1 Cyclic voltammetry (CV) 

CV is the one of the most useful techniques in electrochemistry. It can quickly 

provide qualitative information about catalysts and electrochemical reactions, such as 

the electrochemical response of catalysts, the interaction of the catalysts with the 
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electrolyte, and the catalytic activity of the catalysts. The application of this technique 

in ORR, OER, and HER is quite common and can yield the reaction potential under 

different conditions. Figure 1.11 shows a typical example of the CV (20 mV s−1) for a 

Pt electrode in alkaline conditions (measured pH 13.9) at room temperature. In the CV 

curve reversible peaks from Pt surface adsorption-desorption processes of H2, OH, 

and O2 can be observed. In addition, the typical HER, and OER reaction current is 

clearly shown around -1000 mV and 1000 mV vs. Ag/AgCl, respectively.[148]  

 
Figure 1.11: Cyclic voltammetry (20 mV s−1) for a Pt electrode in alkaline conditions (measured pH 

13.9) at room temperature (OCP: open circuit potential).[148] Reproduced with permission from The 

Royal Society of Chemistry. 

 

1.5.2 Rotating Disk Electrode (RDE) 

A rotating disk electrode (RDE) is a hydrodynamic working electrode used in a 

three-electrode system. The electrode can rotate during experiments inducing a flux 

of analyte to the electrode. The rotating speed of the electrode can be controlled at 

different levels, which yields a different flux of the analyte. It is the classical 

hydrodynamic electroanalytical technique used to limit the diffusion layer thickness, 
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can be used to study the kinetics of interfacial reactions of most electrochemical 

processes.  

In OER and HER measurements, the main function of rotation is removing the 

produced gas bubbles from the surface of the catalysts as fast as possible. 

However, in ORR measurement, a series of factors are related to the rotation 

electrode. For example, the rotation speed determines the speed of O2 and electrolyte 

diffusion to the surface of the electrode. With the following equation, a 

Koutecky-Levich plot can be calculated by measure RDE curves under different 

rotating speeds: 

Koutecky-Levich equation: 

1/I=1/Ik+1/Il 

 (where I is the disk current density, Ik is the kinetic current density, and Il is the Levich 

current density. Ik can be expressed as followed Equation: 

Ik= nFAkC 

where n is the overall electron transfer number, F the Faraday constant, A is the 

electrode area, k is the electron transfer rate constant, and C is the concentration of 

O2 in the electrolyte (mol cm-3). Il can be expressed as followed Equation: 

Il= 0.62 × AnFD2/3v-1/6C√ω 

where D is the diffusion coefficient of O2, A is the geometric area of the disk (cm2), F is 

Faraday’s constant (C mol-1), D is the diffusion coefficient of O2 in the electrolyte (cm2 

s-1), v is the kinematic viscosity of the electrolyte (cm2 s-1), C is the concentration of O2 

in the electrolyte (mol cm-3), ω is the angular frequency of rotation (rad s-1), and n is 

the number of electrons involved in the reaction. 

Therefore, RDE is one of the most important methods for the calculation of 

electron transfer numbers during ORR, until a new method has been developed and 

established for a more accurate and direct calculation.  
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1.5.3 Rotating Ring-disk Electrode (RRDE) 

In the RRDE method, the O2 reduction reaction occurring on the disk electrode 

produces intermediates, which can be detected on the ring and are used to deduce 

the ORR mechanism. An example is using RRDE to study the O2 reduction reaction 

catalyzed by Pt/C catalysts with different Pt particle sizes. On the disk, 2-electron and 

4-electron ORR can occur, and on the ring electrode, H2O2 is further oxidized to 

H2O.[149, 150] 

The 2-electron reduction current (I2e-) is given by  

I2e-= IR/N 

Where I2e- is the 2-electron ORR on the disk electrode and N is the collecting 

coefficient number. The ORR current (ID) on the disk electrode can be expressed with 

the equation: 

ID= I2e-+ I4e- 

where I4e- is the 4-electron ORR current. The following equation is used to obtain the 

average electron number (ne-) that involves in ORR: 

ID ⁄ ne-=I4e- ⁄4+I2e- ⁄ 2 

By rearranging this equation, we receive the following equation to calculate ne-: 

ne-=4ID/(ID+IR/N) 

 

 1.6 Key performance evaluating parameters 

The performance of one catalyst can never be evaluated by one single parameter, 

Instead, there are several parameters that are normally used to evaluate a catalyst, 

which are listed below. 

1.6.1 Onset potential and overpotential 

Onset potentials are the parameter for evaluating the lowest potential required for 

starting the reactions. When evaluating the performance of an electrochemical 
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catalyst, the onset potential is normally the first to be measured. However, it is difficult 

to obtain an exact value of the onset potential since the currents at this point are 

naturally very low. Therefore, for OER and HER, the value of the potential at 10 mA 

cm-2 (Ej=10) is considered more reliable and commonly used for comparison. 

The overpotential is mainly used in OER and HER and indicates the difference 

between the potentials observed for a certain current density and 0 V vs. RHE for 

HER, and 1.23 V vs. RHE for OER. Usually, the overpotential is measured in mV. As 

example, if an OER catalyst achieves Ej=10 = 1.43 V, an overpotential of 200 mV at 10 

mA cm-2, while for a HER catalysts with Ej=10 = -0.15 V, an overpotential of 150 mV at 

10 mA cm-2 is derived. Generally, a catalyst with an overpotential in the range of 

300-400 mV can be considered already as excellent catalyst for OER and indeed 

there are just very few catalysts that have overpotentials less than 300 mV. A good 

HER catalyst usually has an overpotential in the range of 100-200 mV, while very few 

catalysts can reach the overpotentials within 100 mV.[5] 

 

1.6.2. Half-wave potential and limiting current density 

The half-wave potential is another important parameter for evaluating the ORR 

activity of a catalyst, since ORR is not only determined by the activity of the catalysts 

but also by the oxygen diffusion efficiency on the surface of the catalysts. The 

half-wave potential is defined as the point where the reaction is equally controlled by 

each part, which can mostly reveal the working efficiency of the catalyst. The limiting 

current density is the current which is fully determined by the diffusion speed of 

oxygen on the surface of the catalysts and is mainly influenced by the porous 

structure and surface properties of the catalyst. Generally, the limiting current density 

of a certain catalyst can be improved by increasing the surface area of the catalyst. A 

suitable ORR catalyst should usually show a limiting current density between 5-6 mA 

cm-2.[123] 
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1.6.3. Tafel slope 

The Tafel analysis is usually employed to understand the reaction kinetics and 

mechanism, which is needed to compare the catalytic activities of different catalysts. 

The Tafel slope also helps to define the rate determining step by examining the 

sensitivity of the current response to the given voltage by using the followed 

equation.[125] 

η = b ·log(j/j0) 

where η denotes the overpotential, b represents the Tafel slope, j is the current density, 

and j0 is the exchange current density. The quality of ORR/OER/HER catalysts can be 

compared with these values as a desirable performance is expressed in a small Tafel 

slope and large current density. 

 

1.6.4. Exchange current density 

The exchange current density (j0) is an important kinetic parameter representing 

the electrochemical reaction rate at equilibrium. The exchange current density is the 

current in absence of net electrolysis and at zero overpotential. It can be thought of as 

a background current to which the net current observed at various overpotentials is 

normalized. The magnitude of j0 determines how rapidly the electrochemical reaction 

can occur. It reflects intrinsic rates of electron transfer between an analyte and the 

electrode. Such rates provide insights into the structure and bonding in the analyte 

and the catalysts. 

 

1.6.5. Turnover frequency (TOF) 

TOF can be calculated as TOF=(j×A)/(4×F×n), where j (mA cm-2) is the current 

density at a certain overpotential, A is the area of the working electrode, F is Faraday 

constant (96,500 C mol-1) and n is the number of moles of the catalyst or active 
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compounds in the catalyst. However, it is almost impossible to calculate an exact TOF 

value for a composite catalyst, since the activity of all the involved elements and 

structures are certainly not constant. Still, TOFs can be relevant and useful 

parameters for comparing rather similar catalytic materials, for example when 

comparing porous and non-porous catalysts of otherwise the same composition.  
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2 Two-Dimensional Microporous Carbons 
Prepared from Layered Organic-Inorganic 
Hybrids 

 

 

This chapter was published in Advanced Materials with the title of “Two-Dimensional 

Porous Carbons Prepared from Layered Organic-Inorganic Hybrids and their Use as 

Oxygen Reduction Electrocatalysts” 

Shuang Li, Chong Cheng, Hai-Wei Liang, Xinliang Feng,* and Arne Thomas* 

Adv. Mater. 2017, 29, 1700707 

https://doi.org/10.1002/adma.201700707  

It reprints the abstract and conclusion of the publication and gives a summary of the 

results. Detailed information can be found in the publication reprint in Chapter 7.1  

 

 

2.1 Abstract 

“2D porous carbon nanomaterials have attracted tremendous attention in 

different disciplines especially for electrochemical catalysis. The significant advantage 

of such 2D materials is that nearly all their surfaces are exposed to the electrolyte and 

can take part in the electrochemical reaction. Here, a versatile active-salt-templating 

strategy to efficiently synthesize 2D porous carbon nanosheets from layered organic–

inorganic hybrids is presented. The resulting heteroatom-doped carbon nanosheets 

(NFe/CNs) exhibit exceptional performance for the oxygen-reduction reaction and in 

Zn–air battery electrodes. The activity of the best catalyst within a series of NFe/CNs 

exceeds the performance of conventional carbon-supported Pt catalysts in terms of 

https://doi.org/10.1002/adma.201700707
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onset potential (0.930 vs 0.915 V of Pt/C), half-wave potential (0.859 vs 0.816 V of 

Pt/C), long-time stability, and methanol tolerance. Also, when applied as a cathode 

catalyst in a zinc–air battery the NFe/CNs presented here outperform commercial 

Pt/C catalysts.” 

 

TOC: reprinted from publication SL02, Reproduced with permission from John Wiley 

and Sons 

 

2.2 Project summary 

2D porous carbon materials, which combine 2D morphology with porous 

structures, show significant advantages in applications for energy storage and 

conversion, especially as electrochemical catalysts. However, most synthetic 

processes for fabricating 2D porous carbons are still quite complicated, making 

especially a potential scaling-up for advanced applications nearly impossible. It is 

therefore a major challenge to develop more facile and efficient protocols for the 

fabrication of 2D porous carbons. In this project, a new and facile strategy to 

synthesize 2D metal-organic precursors for constructing 2D porous carbon was 

developed. The structure of the metal-organic precursor was carefully investigated as 

well as its structural changes during the carbonization process. After carbonization 

highly porous FeNx-doped carbon nanosheets were observed, with high catalytic 

activity for ORR and suited for their application in Zn-air batteries.  
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Experiments: Dopamine (DA), catechol or aniline were employed as organic 

molecular precursors, while FeCl3·6H2O was employed as inorganic salt as well as 2D 

template. By mixing the organic and inorganic precursors, a layered metal-organic 

precursor was formed rapidly. As example, the DA-Fe precursor was synthesized with 

different molar ratios (3:1, 1:1.5, 1:3.5, 1:5, 1:7, and 1:14) by simple grinding the 

organic (DA) and inorganic (FeCl3·6H2O) compounds together. The mixture turned 

from a yellow powder to dark green and finally into a highly viscous black liquid during 

grinding (Figure 2.1). The DA-Fe complex was then transferred into an argon oven for 

thermal treatment under different temperatures for 2 h with a heating rate of 5 oC/min. 

Decomposition and sublimation of the FeCl3·6H2O salt took place along the heating 

process. The obtained black powder was washed with 1 M HCl and water, then dried 

at 60 oC for 12 h to yield the 2D porous carbon nanomaterials.  

 
Figure 2.1: Time course of the appearance of the DA-Fe complex during mixing and grinding. 

Reprinted from publication SL02, Reproduced with permission from John Wiley and Sons. 

 

Results and discussion: Here, 1:7 molar ratio of DA:FeCl3·6H2O was used and 

investigated as an example, since the excess of the iron salt could avoid molecular 

Fe(dopamine)3 complex formation so that the dopamine molecules coordinated most 

probably along the layers of the iron salt (Figure 2.2a). The strong interaction between 
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the iron salt and the dopamine is proven by a notable color and constitution change 

during grinding. The mixture transfers into a viscous paste, which starts to solidify 

apparently into crystals after standing in air (Figure 2.2b). X-ray diffraction (XRD) 

results of the precursor after different aging times (Figure 2.2c), show relatively simple 

XRD patterns with just a few but sharp peaks indicate the formation of a periodic 

layered structure after 3–5 days. The occurrence of the peak at 2θ = 15.7° can be 

attributed to the interlayer distance of the DA–Fe complex of 5.64 Å. Furthermore, 

changing the ratio between DA and FeCl3·6H2O, reveals similar patterns however 

with changing intensity of the peaks (details in publication SL02). 

The resulting carbon materials were investigated by scanning electron 

microscopy (SEM), showing typical nanosheets structure (Figure 2.2d), indicating that 

the layered metal–organic hybrid material predefined the structure of the final carbon 

materials. The morphologies change of the precursor during heating were revealed by 

SEM and transmission electron microscopy (TEM) of the samples heated at 200, 300, 

400, and 700 oC, respectively, which indicated the formation of 2D polymer/carbon 

layers during heating. The chemical and physical structures of the carbon nanosheets 

obtained from 200, 300 and 400 oC are explained in detail in publication SL02. Here in 

this short summary, we focus on the discussion of the final materials NFe/CNs. 

 
Figure 2.2. a) Schematic illustration of the overall synthetic procedure of 2D microporous carbon 
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nanosheets (CNs). b) Photographs of freshly prepared DA–Fe paste and crystals after aging. c) XRD 

patterns of the paste after different aging times. d) SEM image of CNs obtained from the DA–Fe 

complex. Reprinted from publication SL02, Reproduced with permission from John Wiley and Sons 

 

Beside the 2D morphology observed in SEM, abundant micropores within the 

nanosheets can be observed in NFe/CNs-700 by TEM (Figure 2.3a). The porosity 

was characterized by nitrogen adsorption/desorption analysis, all the NFe/CNs 

materials obtained from 600, 700, and 800 oC yielded type I isotherms indicating 

microporous materials. (Figure 2.3a). The calculated Brunauer–Emmett–Teller (BET) 

surface areas of NFe/CNs-600, NFe/CNs-700, and NFe/CNs-800 are 1071, 1752, 

and 395 m2 g−1, respectively. The pore-size distribution (PSD) analysis shows that the 

pores of all materials are mostly smaller than 2 nm, again indicates the obtained 

carbon materials are microporous carbons. 

 
Figure 2.3: a) Representative TEM image of NFe/CNs-700, b) N2 adsorption/desorption isotherms of 

NFe/CNs-600, NFe/CNs-700, and NFe/CNs-800, c) RDE polarization curves of Pt/C, Fe/CNs-700, and 

NFe/CNs catalysts prepared at different temperatures, d) Schematic image of a homemade Zn–air 

battery, e) Photograph of a LED connected to two batteries with NFe/CNs-700-800-NH3 electrodes, f) 
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Long time galvanostatic discharge curves until complete consumption of the Zn foil anode, g) 

Discharge curves of the batteries under different current densities. Reprinted from publication SL02, 

Reproduced with permission from John Wiley and Sons. 

 

The activities of the NFe/CNs for ORR were investigated by the RDE method 

(Figure 2.3c). The polarization curves show that the onset potential (E0) and half-wave 

potential (E1/2) for NFe/CNs-700 (E0 = 0.937 V, E1/2 = 0.863 V) are more positive than 

for the catalysts prepared at 600 and 800 °C, respectively. Furthermore, a further 

enhancement of ORR performance can be obtained by treating the so-far most 

promising catalyst (NFe/CNs-700) again in N2 or NH3 atmosphere at 800 °C for 1 h 

(denoted as NFe/CNs-700-800-N2 and NFe/CNs-700-800-NH3). Both catalysts exhibit 

dramatically increased ORR performances with an E0 and E1/2 of 0.929 and 0.855 V 

for NFe/CNs-700-800-N2 and 0.930 V and 0.859 V for NFe/CNs-700-800-NH3, 

respectively. Meanwhile, the limited current density increases from 4.50 mA cm-2 

(NFe/ CNs-700) to 5.45 mA cm-2 for both catalysts, which are highly comparable to 

that of the-state-of-art Pt/C. Here the interplay of 2D structure, high surface area, 

porous structure, beneficial nature of nitrogen species and co-doped metal atoms, as 

well as the good conductivity all significantly influence the ORR performance. 

A homemade Zn–air battery equipped with NFe/CNs-700-800-NH3 was applied to 

further demonstrate the promising ORR catalytic activity of the 2D porous carbon 

catalysts. Both the NFe/CNs-700-800-NH3 and Pt/C loaded Zn–air batteries were 

tested at identical conditions for comparison as shown in Figure 2.3 d-g. Two 

connected NFe/CNs-700-800-NH3 batteries can light up a 2 V light-emitting diode 

(LED) easily. Galvanostatic discharge curves at different current densities were tested 

as well as the long-term discharge performance until complete consumption of the Zn 

foil anode. No obvious voltage drop was observed for the NFe/CNs-700-800-NH3 

catalyst even at a current density of 100 mA cm-2, which compares favorably to Pt/C. 
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2.3 Conclusion  

“In summary, we have developed a facile strategy for the synthesis of 

heteroatom‐doped 2D porous carbons by employing iron chloride as active, structure‐

directing salt‐template. Porous carbon nanosheets prepared by this method exhibit 

well‐defined 2D morphology, nanometer thickness, high specific surface area, tunable 

heteroatom doping, and enriched electroactive sites, which is seen in the excellent 

electrocatalytic performance in ORR, showing potential to replace Pt/C catalysts. The 

synthetic method presented here furthermore provide a universal protocol for 

generating 2D porous nanomaterials interesting for a broad range of applications such 

as catalysis, sensors, supercapacitors, and batteries.” 

 

Reprinted from publication SL02, Reproduced with permission from John Wiley and Sons. 
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3 2D Meso/micro-porous FeCo-Nx-Carbon 
as Bifunctional Oxygen Electrodes 

 

 

This chapter was published in Angew. Chem. Int. Ed. with the title of “Active 

Salt/Silica-Templated 2D Mesoporous FeCo-Nx-Carbon as Bifunctional Oxygen 

Electrodes for Zinc–Air Batteries” 

Shuang Li, Chong Cheng, Xiaojia Zhao, Johannes Schmidt, and Arne Thomas* 

Angew. Chem. Int. Ed. 2018, 57, 1856 –1862 

https://doi.org/10.1002/anie.201710852. 

It reprints the abstract and conclusion of the publication and gives a summary of the 

results. Detailed information can be found in the publication reprint in Chapter 7.2 

 

 

3.1 Abstract 

“Two types of templates, an active metal salt and silica nanoparticles, are used 

concurrently to achieve the facile synthesis of hierarchical meso/microporous 

FeCo-Nx-carbon nanosheets (meso/micro-FeCo-Nx-CN) with highly dispersed metal 

sites. The resulting meso/micro-FeCo-Nx-CN shows high and reversible oxygen 

electrocatalytic performances for both ORR and OER, thus having potential for 

applications in rechargeable Zn-air battery. Our approach creates a new pathway to 

fabricate 2D meso/microporous structured carbon architectures for bifunctional 

oxygen electrodes in rechargeable Zn-air battery as well as opens avenues to the 

scale-up production of rationally designed heteroatom-doped catalytic materials for a 

broad range of applications.” 
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TOC: reprinted from publication SL03, Reproduced with permission from John Wiley 

and Sons. 

 

3.2 Project summary 

Owing to their unique properties compared with conventional porous carbon 

analogues, 2D porous carbons, especially 2D mesoporous carbons are attracting 

increasing attention for their potential applications in electrochemistry catalytic 

reactions, because the 2D morphology with additional porosity that increases the 

accessible surface area for the electrolyte, thus accelerating mass and charge 

transfer.[2, 123, 151] Recently, several synthetic methods for the preparation of 2D 

mesoporous carbon have been reported, including hard and soft templating 

approaches (silica nanoparticles or amphiphilic block-co-polymers), respectively.[39-41] 

However, a facile one-step method to produce not only 2D meso/microporous, but 

also bimetal–Nx–doped carbons, which can be applied as reversible ORR-OER 

catalysts, has not been reported. This is possibly due to the lack of suitable and easily 

scalable structure-directing agents to guide the assembly of 2D morphologies as well 

as the inner-connected bimetal–Nx meso/microstructures. 

In this work, by synergistic utilization of two types of templates, an active salt and 
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silica nanoparticles, the facile synthesis of 2D meso/microporous Fe/Co-Nx-doped 

carbon nanosheets was achieved. The hierarchically porous structure of the carbon 

sheets, and the dual metal (Fe and Co) and N-doping, makes the obtained 

meso/micro-FeCo-Nx-CN-30 an excellent reversible ORR-OER catalyst, therefore, 

shows promising performance for rechargeable Zn-air batteries. 
 

Experiments: In this approach, layered FeCl3·6H2O inorganic crystal are applied 

as 2D active salt template as mentioned in the first project (SL-01). The term “active” 

salt templating is used because the salt is also responsible for metal doping and 

actively involved in the carbon nanostructure formation as it first coordinates with the 

precursor, DA, to form a layered organic–inorganic hybrid structure. Subsequently, a 

certain amount of CoCl2·6H2O was added to enable Co doping. Furthermore, silica 

nanoparticles (Ludox AS-40, particle size of about 22 nm) were mixed with this 

liquid-like layered organic-inorganic hybrid by vigorous grinding until a homogenous 

mixture was observed. The resulting DA–metal salt–silica nanoparticle mixtures were 

thermally treated under an inert atmosphere to yield FeCo-Nx-doped carbons with 

encapsulated silica nanoparticles. The residual metal salts and silica templates were 

then removed by etching and washing and a secondary thermal treatment was 

applied to yield the final products named meso/micro-FeCo-Nx-CN. By varying the 

amount of silica, the meso/microFeCo-Nx-CN can be prepared with 20%, 30% and 

40%, named as meso/microFeCo-Nx-CN-20, meso/microFeCo-Nx-CN-30, and 

meso/microFeCo-Nx-CN-40. The optimal silica amount can be achieved by 30%, 

therefore the meso/microFeCo-Nx-CN-30 has been investigated in detail in this work. 
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Figure 3.1. a) Illustration of the process of active salt/silica-templated 2D meso/micro-FeCo-Nx-CN; 

b),c) SEM, d) TEM, and e) HAADF-STEM images and the corresponding element mapping of C, N, Fe, 

and Co, and f) high-resolution HAADF-STEM images of meso/micro-FeCo-Nx-CN-30. Reprinted from 

publication SL03, Reproduced with permission from John Wiley and Sons 

 

Results and discussion:  

Morphologies: The as synthesized meso/micro-FeCo-Nx-CN and 

micro-FeCo-Nx-CN were investigated by SEM (Figure 3.1 and more details in 

publication SL03). While micro-FeCo-Nx-CN was synthesized without silica NP 

template, showing a uniform 2D nanosheet morphology (details see in the publication 

SL03) with smooth surface, addition of silica template yields a pronounced 

mesoporous structure within the nanosheets. By varying the amount of silica template, 

the porosity and thickness of the pore walls can be adjusted. The morphology of 

meso/microFeCo-Nx-CN-20 and meso/microFeCo-Nx-CN-40 both exhibiting a 

mesoporous structure as well, however, when higher amounts of silica template are 

applied the structure seem to be partially collapsing, which is probably due to 



Chapter 3. 2D Meso/micro-porous FeCo-Nx-Carbon as Bifunctional Oxygen Electrodes 

39 

pore-wall thinning. A silica amount of 30% thus is ideal to reach high mesoporosity 

and structural stability. Atomic force microscopy (AFM) was conducted to verify the 2D 

morphologies and the thickness of the nanosheets. The as-prepared 

micro-FeCo-Nx-CN shows thickness ranged from 15.2–24.3 nm, while the 

meso/micro-FeCo-Nx-CN-30 shows a thickness of about 48.5 nm, which is almost the 

thickness of 2 layers of silica nanoparticles. Besides the increased thickness, the 

meso/microFeCo-Nx-CN-30 also shows increased surface roughness due to its 

mesoporous structures. 

Specific surface area and pore size: The specific surface area and pore size 

distribution were analyzed by nitrogen sorption measurements. Micro-FeCo-Nx-CN 

shows a type I isotherm, that is, an explicitly microporous pore structure, while the 

isotherms of meso/micro-FeCo-Nx-CNs change to type IV, thus indicating additional 

mesoporosity has been successfully introduced by the silica templates. The BET 

surface areas of micro-FeCo-Nx-CN and meso/micro-FeCo-Nx-CN-20, 30, and 40 are 

1025, 1120, 1168, and 1321 m2 g-1, respectively. The total surface area rarely 

changed by comparing micro-FeCo-Nx-CN and meso/micro-FeCo-Nx-CN-30 (1025 

vs. 1168 m2 g-1), however, the mesoporous surface area increased extremely from 

124 to 652 m2 g-1.  

The pore size distribution for meso/micro-FeCo-Nx-CN-30 shows micropores and 

a large amount of mesopores around 20 nm, proving the hierarchically porous 

structure of the material. In contrast, micro-FeCo-Nx-CN only shows very small pores 

in the microporous region (< 0.7 nm).  

Electrocatalytic and battery performance: The catalytic performances of 

meso/micro-FeCo-Nx-CN and micro-FeCo-Nx-CN towards both ORR and OER were 

evaluated and compared using the RDE technique. The polarization curve of the 

meso/micro-FeCo-Nx-CN-30 catalyst for ORR (Figure 3.2b) shows a high E0 of 954 

mV vs. RHE and E1/2 of 886 mV vs. RHE, which are 54 mV and 58 mV higher than 

that for micro-FeCo-Nx-CN. Furthermore, the limiting current density for 

meso/micro-FeCo-Nx-CN-30 (6.3 mA cm-2) is much higher than the one for 

micro-FeCo-Nx-CN (5.3 mA cm-2) and for the commercial Pt/C catalyst (5.6 mA cm-2). 
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This can be attributed to the hierarchically micro- and mesoporous structure, which 

facilitates gas diffusion and mass transfer. Meanwhile, with bimetal (Fe and Co) 

doping, the meso/micro-FeCo-Nx-CN-30 shows a high OER activity with low E0 of 

1.60 V, as well as the low potential (1.67 V) at current density of 10 mA cm-2. 

The excellent ORR and OER performances give the catalysts a narrow E gap 

(0.78V) between the ORR (E1/2) and OER (Ej=10), which determines the performance 

of the air-cathode in rechargeable Zn-air battery. As a result, the rechargeable Zn-air 

battery equipped with the hierarchically porous meso/micro-FeCo-Nx-CN-30 catalyst 

shows very good performance in terms of the change/discharge potentials, and the 

stability under long time change/discharge process. 

 

 
Figure 3.2. a) Illustration of ORR and OER on meso/micro-FeCo-Nx-CN. b) RDE polarization curves 

for micro-FeCo-Nx-CN, meso/micro-FeCo-Nx-CN, meso/micro-Fe-Nx-CN and Pt/C catalysts for ORR. 

c) RDE polarization curves of micro-FeCo-Nx-CN, meso/micro-FeCo-Nx-CN, meso/micro-Fe-Nx-CN 

and Pt/C catalysts for OER. d) discharge curves of Zn–air batteries with meso/micro-FeCo-Nx-CN-30 

and Pt/C catalysts and the corresponding power density; e) long-term charge and discharge of the 

meso/micro-FeCo-Nx-CN-30 equipped battery at 10 mA cm@2 (2 h for each cycle). Reprinted from 

publication SL03, Reproduced with permission from John Wiley and Sons. 
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3.3 Conclusion 

 “In summary, we have developed a facile strategy to synthesize 

meso/micro-FeCo-Nx-CN using metal salts and silica nanoparticles as templates. The 

materials exhibit a well-defined 2D morphology, hierarchically meso- and microporous 

structure, homogenous dispersion of single metal atoms or very small metal clusters, 

and enriched reversible oxygen electrocatalytic sites. These structural features 

eventually yield an excellent electrocatalytic performance for both ORR and OER, 

making these materials very promising as efficient bifunctional oxygen electrode in 

next-generation rechargeable liquid Zn–air batteries. This one-step synthetic route 

should make a facile and scalable production of differently designed heteroatom and 

metal-doped catalytic materials possible, giving a wide adaptability to current 

manufacturing processes and for a broad range of applications.”  

 

Reprinted from publication SL03, Reproduced with permission from John Wiley and Sons. 
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4 Metal-Organic Precursor Derived 
Mesoporous Carbon Spheres Coupled with 
Mo2C/Mo2N  

 

 

This chapter was published in Adv. Funct. Mater. with the title of “Metal-Organic 

Precursor–Derived Mesoporous Carbon Spheres with Homogeneously Distributed 

Molybdenum Carbide/Nitride Nanoparticles for Efficient Hydrogen Evolution in 

Alkaline Media” 

Shuang Li, Chong Cheng, Anton Sagaltchik, Pradip Pachfule, Changsheng Zhao, and 

Arne Thomas* 

Adv. Funct. Mater. 2018, 1807419 

https://doi.org/10.1002/adfm.201807419 

It reprints the abstract and conclusion of the publication and gives a summary of the 

results. Detailed information can be found in the publication reprint in Chapter 7.3 

 

 

4.1 Abstract  

“The generation of hydrogen through water electrolysis is considered as a 

sustainable approach for future fuel production. Molybdenum (Mo)-based compounds 

are reported as highly active and inexpensive alternatives to platinum-based 

electrocatalysts for the hydrogen evolution reaction (HER). Currently, the major 

challenge for Mo-based HER electrocatalysts lies in establishing new concepts of 

micro-/nanostructure design to enhance the hydrogen evolution kinetics and realizing 

https://doi.org/10.1002/adfm.201807419
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facile, large-scale, and green fabrication processes. Here, a fast, scalable, and 

eco-friendly metal-organic coordination precursor–assisted strategy is reported for 

synthesizing novel hierarchically mesoporous Mo-based carbon electrocatalysts for 

efficient hydrogen production. Benefiting from homogeneously distributed Mo-based 

nanocrystallites/heterojunctions and uniform mesopores, the Mo-based mesoporous 

electrocatalyst shows high hydrogen evolution activity and stability with a low 

overpotential of 222 mV at 100 mA cm-2 (Pt/C: 263 mV), ranging among the best 

non-noble metal HER catalysts in alkaline condition. Overall, the discovery of using 

dopamine–molybdate coordination precursor with silica nanoparticles will not only 

create a new pathway for controllable synthesis of diverse kinds of 

micro-/nanostructured Mo-based catalysts, but also take a step toward the fast and 

scale-up production of advanced mesoporous carbon electrodes for a broad range of 

applications.” 

 

Reprinted from publication SL04, Reproduced with permission from John Wiley and Sons 

 

4.2 Project summary 

MOFs have emerged as promising precursors for the synthesis of carbon-based 

metal catalysts owing to their highly dispersed metal ions, and tailorable 

morphologies.[56-58, 152] The MOF family has covered a wide range of organic ligands 

and metal species, therefore a lot of MOF derived carbon supported metal-based (Mo, 

Co, Fe, Ni, W, and so on) catalysts for different electrochemical catalytic reactions 

have been reported.[56-58] However, the synthetic strategies of MOFs are relatively 

complex, costly, or time-consuming; notably, these fabrication processes are also 

mainly based on organic solvents.[153] Furthermore, the incorporation of template 

nanoparticles to generate mesoporous structures in MOFs is often difficult.[154] 

Consequently, a fast, scalable, and eco-friendly synthesis of mesoporous 

carbonaceous catalysts through metal-organic precursors is still a challenging task. 
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Here we developed a novel metal-organic coordination precursor assisted 

synthesis of mesoporous Mo-based carbon electrocatalysts that consist of 

homogeneously distributed Mo-based nanocrystallites/ heterojunctions for efficient 

hydrogen production, as shown schematically in Figure 4.1. The present synthetic 

strategy relies on a fast and tunable aqueous self-assembly process from dopamine 

(DA) hydrochloride and sodium molybdate, and silica nanoparticles (22 nm) can be 

facilely incorporated into the self-assembled microspheres. 

 

Experiments: 10 mL monodispersed silica nanoparticles suspension (Ludox 

AS-40, 40 wt.%) was diluted into 50 mL by DI water. Then the pH value of the 

suspension was adjusted to ~2 by adding of 3 mL 1 M HCl. 50 mL DA solution 

(contains 0.95 g DA) was dropped into the silica dispersion. The obtained dispersion 

was well mixed by stirring, and then 50 mL sodium molybdate solution (containing 

2.41 g Na2MoO4·2H2O) was dropped into the DA-silica dispersion (about 10 min). The 

color of the suspension changed from light white to dark orange during the addition of 

sodium molybdate and finally a dark orange precipitate formed. The reaction was 

further stirred for 1 h, and then the product was collected by centrifugation, washed 

with DI water and ethanol for 3 times. The products were dried in a vacuum oven and 

then carbonized in argon furnace at different temperatures (750, 850, and 950 oC) for 

2 h. Finally, the silica templates were removed either by etching with 2 M NaOH or by 

4 M NH4HF2 solution to obtain the mesoporous structures. The comparison materials 

were synthesized by similar procedure, detailed information can be found in the 

publication SL04. 
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Figure 4.1. (a) Scheme of the synthetic strategy for Mo2C/Mo2N-coupled mesoporous carbon sphere. 
(b) Photographs of the reaction solution at different time scales, the dropwise addition of sodium 
molybdate solution finished after 10 min. SEM images of (c) the assembled DA-Mo-silica precursor, 
and (d) DA-Mo-silica precursor after carbonization at different magnifications. (e, f, and g) SEM images 
of mC-Mo-850 at different magnifications, which depict the size distribution and the mesoporous 
structure of the microspheres. Reprinted from publication SL04, Reproduced with permission from John 
Wiley and Sons. 
 

Results and discussion: The morphology of the synthesized DA-Mo-silica 

precursors were investigated by SEM, which indicate regular and uniform 

micro-spherical structures (Figure 4.1c). High resolution SEM images indicate 

abundant silica nanoparticles linked tightly on the microspheres’ surface. After 

pyrolysis the spherical morphology and embedded silica nanoparticles can be 

well-maintained (Figure 4.1d). After the removal of the silica templates (Figure 4.1e), 

mesoporous mC-Mo-850 spheres with diameters of around 2.2 µm are obtained. 

Furthermore, a rough and porous surface with abundant thin carbon layers and 
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interconnected mesopores with diameter of ~25 nm can be observed (Figure 4.1f). 

The control sample, C-Mo-850, shows aggregated and irregularly micro-spherical 

structures with a wide size range of 1-2 μm and no visible mesoporous structure in the 

carbon matrix (details are shown in publication SL04). The DA-Mo-silica precursors 

have also been pyrolyzed under different temperatures, and the obtained mC-Mo 

spheres show similar spherical and mesoporous structures. 

XRD measurements indicate that a mixture of Mo2C and Mo2N was formed 

during thermal treatment. The highest crystallinity of both Mo2C and Mo2N is obtained 

at 850 oC. HR-TEM and HAADF-STEM were used to further characterize the porous 

structure, the distribution of Mo2C and Mo2N nanoparticles. Again, a uniform spherical 

morphology and a hierarchical mesoporous structure can be observed for mC-Mo-850. 

Thin carbon sheets with abundant and homogeneously distributed small nanoparticles 

are observed on the surface of mC-Mo-850.HR-TEM reveals two types of Mo-based 

crystalline nanoparticles, Mo2C (with a lattice distance of about 0.228 nm, matching 

the 101 face of Mo2C) and Mo2N (with a lattice distance of about 0.248 nm that 

matches the 111 face of Mo2N nano-crystallites), which homogeneously distribute 

over the carbon matrix, while the two types of Nanoparticles are often in contact 

possibly forming heterojunction structures. Selected area electron diffraction (SAED) 

patterns further confirm the co-existence of Mo2C (purple rings corresponding to 100, 

101, 102, 110, and 112 planes) and Mo2N (green rings corresponding to 111, 200, 220, 

and 311 planes). 

 

Electrochemical catalytic performance: The catalytic performances of the 

catalysts toward HER were evaluated by polarization curves and corresponding Tafel 

plots. As show in Figure 4.2a, the mesoporous catalysts (mC-Mo-750, mC-Mo-850, 

and mC-Mo-950) show much lower overpotentials of 145 mV, 173 mV, and 188 mV at 

j10 than the non-mesoporous C-Mo-850 catalyst (262 mV), indicating that the 

mesoporous structure decreases the reaction kinetic barrier for HER. The best 

mC-Mo-850 catalyst even outperforms Pt/C at an overpotential of 210 mV with rapidly 

rising cathodic current. The corresponding Tafel plots indicate that mC-Mo-850 
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presents smaller Tafel slopes of 55 mV/decade than that of non-mesoporous catalyst, 

C-Mo-850 (98 mV/decade) and verifies its efficient kinetics of H2 evolution 

(Figure 4.2b). Furthermore, the exchange current density (j0, reflecting the intrinsic 

HER catalytic activity) of 0.0514 mA cm-2 for mC-Mo-850 is much higher than those of 

the non-mesoporous C-Mo-850 (0.0099 mA cm-2). These significantly improved 

performance can be attributed to the enhanced mass transfer properties, thus 

implying the important role of mesoporous structures for HER.[2] The mC-Mo-850 

exhibits remarkable low overpotentials at both low and high current densities among 

the recent published work.[138, 157, 158]  

 
Figure 4.2. (a) Polarization curves and (b) Tafel plots of mC-Mo-750, mC-Mo-850, mC-Mo-950, and 
Pt/C-Alfa. (c) The overpotentials to reach different current densities of mC-Mo-850, C-Mo-850, and 
some other reported transition metal based HER catalysts. (d) Longtime stability of the mC-Mo-850 and 
Pt/C catalyst working at current densities of 10, 50, and 100 mA/cm2, and the inserted image shows the 
polarization curves of mC-Mo-850 catalyst before and after stability tests. (e) Turnover frequency (TOF) 
assuming all Mo atoms are involved vs. overpotential, and the recently reported results on MoCx,[46] 
γ-Mo2N,[155] and CoP/CC.[156] Reprinted from publication SL04, Reproduced with permission from John 
Wiley and Sons. 

 

The stability and durability of mC-Mo-850 for the continuous production of H2 are 

investigated and compared with Pt/C (Figure 4.2d). With constant current densities of 

10, 50, and 100 mA/cm2, the overpotentials only slightly increase after running for 

20.000 s for each step, i.e. only a 30 mV shift has been observed for 10 mA/cm2, 20 
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mV for 50 mA/cm2, and 7 mV for 100 mA/cm2, which are much more stable than Pt/C 

catalysts. Furthermore, the turnover frequency (TOF) has been calculated with the 

simplified assumption that all Mo atoms are involved in the reaction (Figure 4.2e). For 

mC-Mo-850, a TOF of 2.0 H2 per s at overpotentials of 275 mV are found, while the 

non-mesoporous C-Mo-850 shows only 0.08 H2 per s at the same overpotential. 

Notably, the TOF values of mC-Mo-850 even exceed the ones for Pt/C when the 

overpotentials are higher than 239 mV. For direct comparison, the reported TOF 

values of several state-of-the-art non-precious metal HER catalysts published recently, 

including MOF derived MoCx,[46] γ-Mo2N,[155] and CoP on carbon cloth (CoP/CC)[156] 

are introduced into this graph, it can be clearly observed that our catalyst, mC-Mo-850, 

shows the highest TOF value.  

 

4.3 Conclusion 

“The synthesis of Mo-based nanocrystallites/heterojunctions and hierarchically 

mesoporous structured carbon spheres via a fast, scalable, and eco-friendly 

metal-organic coordination precursor for efficient hydrogen production is reported. 

Distinct from previous studies on MOF precursors, the here presented novel synthetic 

strategy shows obvious advantages for large-scale production. Furthermore, the in 

situ and confined growth of small Mo-based nanocrystallites/heterojunctions is 

enabled by the DA–Mo coordination structures, which may provide a novel and simple 

strategy to synthesize heterojunction-embedded catalysts. Finally, benefiting from the 

abundant mesopores and nanosized Mo2C/Mo2N heterojunctions, the Mo-based 

mesoporous electrocatalyst shows superior hydrogen evolution activity and stability to 

Pt/C in alkaline condition. Overall, such a strategy will not only create a new pathway 

for controllable synthesis of diverse kinds of micro-/nanostructured Mo-based 

catalysts, but also take a step toward the fast and scale-up production of advanced 

mesoporous carbon electrodes for a broad range of applications.” 

Reprinted from publication SL04, Reproduced with permission from John Wiley and Sons. 
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5 Summary 

Chapter 2 delivers a new type of metal-organic precursor, by employing DA as 

the organic precursor, FeCl3·6H2O as the metal precursor as well as active 

salt-template. The synthetic method is very simple and efficient, and the obtained 

metal-organic precursor shows a novel layered structure. The structure of the 

precursor was studied, as well as the thermal stability. By pyrolysis of the 

metal-organic precursor, 2D carbon nanosheets can be obtained with abundant 

microporous on the surface. The synthesized 2D microporous carbon exhibits a 

surface area as high as 1752 m2 g-1. Eventually, the doped Fe and N species enable a 

remarkable ORR activity, which even outperforms the-state-of-art Pt/C catalyst in 

alkaline condition. When applied as air cathode in a home-made Zn-air battery, it also 

outperforms the Pt/C cathode with a high working voltage even at discharge current 

density of 100 mA cm-2.  

With the promising results in Chapter 2, a follow-up project is described in 

Chapter 3 to extend the application of the new layered DA-Fe metal-organic 

precursor. In this Chapter, an additional silica template is assembled into the system 

to synthesize 2D meso/microporous carbons with FeCo-Nx doping for construction of 

high performance bifunctional ORR and OER catalysts. The successfully assembled 

silica nanoparticles within the metal-organic precursor introduces a large amount of 

mesopores into the resulting carbon material. The FeCo-Nx doped 2D 

meso/micro-porous carbon shows even higher performance in ORR than the material 

obtained in Chapter 2. Meanwhile, the OER activity is also highly improved with FeCo 

co-doping. The best catalyst is then utilized for a rechargeable Zn-air battery. The 

battery shows good cycle performance with stable long-term charge/discharge 

processes. This project opens a new pathway for synthesizing 2D meso/micro-porous 

materials, meanwhile, the novel strategy is also very simple and can be easily 

scaled-up for production. 

  Chapter 4 introduces a new type of metal-organic precursor for synthesizing 
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highly active HER catalyst. DA was employed again as organic precursor, but this time 

with sodium molybdate as the inorganic part. Silica nanoparticles were again used as 

hard template and assembled well with the DA-Mo precursor. The obtained precursor 

is carbonized to obtain Mo2C/Mo2N heterojunctions on mesoporous carbon spheres. 

Distinct from previous studies on conventional MOF precursors, our novel synthetic 

strategy shows obvious advantages for large-scale production. Furthermore, the in 

situ and confined growth of small Mo-based nanocrystallites and Mo2C/Mo2N 

heterojunctions are guaranteed by the strong and atomic DA-Mo coordination 

structures, which may provide a novel and simple strategy to synthesize 

heterojunction-based catalyst. The optimized Mo-based mesoporous electrocatalyst 

shows comparable hydrogen evolution activity and much superior stability to the 

state-of-art Pt/C catalyst in alkaline condition.  

Overall, in this thesis, new types of metal-organic precursors and novel synthetic 

strategies have been developed, which create new pathways for the controllable 

synthesis of different kinds of micro-/nanostructured catalysts. Furthermore, these 

precursor routes are a first step towards a fast and scalable production of advanced 

mesoporous carbon electrodes for a broad range of applications. 
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has triggered enormous research interests 
on 2D carbon materials. Such 2D car-
bons show sub-nanometer to nanometer 
thickness, infinite length, and confined 
2D structural features with unique elec-
trical charge transport pathways. Impor-
tantly for electrochemical applications, in 
such 2D nanomaterials, the entire carbon 
framework is exposed to the electrolyte 
and can take part in the electrochemical 
reactions.[6–8] Combining the benefits 
of 2D morphology with meso- or micro-
porous structures, Ruoff and co-workers 
fabricated a 2D microporous graphene 
sheet for the application in supercapaci-
tors by a direct activation of graphene with 
molten potassium hydroxide. The surface 
area of this activated graphene reached 
up to 3100 m2 g−1.[9] Feng and co-workers 
reported several 2D porous carbons by 

using graphene as template via different strategies.[10–16] Beside 
these examples, it has been reported that 2D inorganic com-
pounds, such as montmorillonite or layered double hydroxides, 
can also be applied for synthesizing 2D porous carbon nano-
materials.[17,18] All these synthetic methods undisputedly yield 
materials with promising properties for various fields of appli-
cations. However, the synthetic processes for fabricating 2D 
porous carbons are either quite complex or enormous time/
energy consuming and a large scale synthesis of these materials 
seems nearly impossible. It is indeed still a major challenge to 
develop more facile and efficient protocols for the fabrication 
of 2D porous carbons with controllable morphology and large 
specific surface areas.

An inorganic molten salt-templating method to synthesize 
porous carbons with high surface area was recently proposed 
by Antonietti and co-workers.[19] In this method, inorganic 
molten salts, such as LiCl, NaCl, ZnCl2, and others, are used 
as solvents and templates for the generation of high surface 
area carbon materials. The salts are simply mixed with carbon 
precursors, thermally treated for carbonization and after 
the reaction is complete, they can be easily and completely 
removed by washing.[19,20] However, the currently reported 
salt-templates are usually not influencing the carbonization 
process and are mainly generating porosity but no further 
distinct morphology of the carbon materials, e.g., the genera-
tion of 2D nanostructures from the salt-templating method 
has rarely been reported.[21] In this work, a facile and scalable 

2D porous carbon nanomaterials have attracted tremendous attention in 
different disciplines especially for electrochemical catalysis. The significant 
advantage of such 2D materials is that nearly all their surfaces are exposed 
to the electrolyte and can take part in the electrochemical reaction. Here, a 
versatile active-salt-templating strategy to efficiently synthesize 2D porous 
carbon nanosheets from layered organic–inorganic hybrids is presented. The 
resulting heteroatom-doped carbon nanosheets (NFe/CNs) exhibit excep-
tional performance for the oxygen-reduction reaction and in Zn–air bat-
tery electrodes. The activity of the best catalyst within a series of NFe/CNs 
exceeds the performance of conventional carbon-supported Pt catalysts in 
terms of onset potential (0.930 vs 0.915 V of Pt/C), half-wave potential (0.859 
vs 0.816 V of Pt/C), long-time stability, and methanol tolerance. Also, when 
applied as a cathode catalyst in a zinc–air battery the NFe/CNs presented 
here outperform commercial Pt/C catalysts.

Electrocatalysts

Porous carbon nanomaterials are intriguing materials, which 
combine good electrical conductivity, low weight, and high sur-
face areas with chemical/electrochemical activity and durability. 
These properties have motivated numerous studies concerning 
the applications of porous carbon nanomaterials in various 
areas, for example, as electrodes in lithium-ion batteries or 
supercapacitors, for the storage of gases or as catalysts or cata-
lyst supports.[1–5] On the other hand, the discovery of graphene 

Adv. Mater. 2017, 29, 1700707
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active-salt-templating approach is presented in which a metal 
salt and an organic molecule form a layered metal–organic 
hybrid material at room temperature, which predefines the 
structure of the final carbon material, yielding highly porous 
and N-doped carbon nanosheets.

Iron(III) chloride hexahydrate (FeCl3·6H2O) possess a crystal 
structure composed of 2D layers[22] (see Scheme S1, Supporting 
Information) and is widely used in the intercalation of graphite 
or few layer graphene to increase the layer distance, which, e.g., 
yield an optimal performance for lithium-ion batteries.[22–24] 
Inspired by this intercalation reactions and its chemical com-
plexation ability,[24] FeCl3·6H2O is applied as an active salt tem-
plate, which first interacts with the organic precursors, bearing 
hydroxyl, and/or amino-groups, to form a layered organic–
inorganic hybrid structure. This layered structure is preserved 
during the carbonization process and controls the final carbon 
morphology to yield 2D porous carbon nanosheets (CNs) with 
a few nanometer thicknesses after removal of the inorganic 
template. Doping of the carbon materials with heteroatoms can 
be achieved applying different carbon-rich precursors, such as 
dopamine hydrochloride (DA), catechol (Cat), or aniline (An). 
As a representative model containing both catechol and amino 
groups, DA was investigated in detail in this work.

In a typical synthesis, FeCl3·6H2O powder was mixed 
directly with the carbon precursor, here first DA. After vigorous 
grinding, the mixture of dopamine–FeCl3·6H2O (DA–Fe) was 
aged for several days. Catechol type compounds can strongly 
bind to transition metals; thus, it is reasonable that during 

grinding the catechol groups of dopamine coordinate to the 
Fe3+ ions to form a metal–organic coordination compound 
(Figure 1a). It should be noted that in this approach an excess 
of the iron salt is used (i.e., 1:7 molar ratio of DA:FeCl3·6H2O 
if not noted otherwise) to avoid molecular Fe(dopamine)3 com-
plex formation so that the dopamine molecules coordinate most 
probably along the layers of the FeCl3·6H2O salt (Figure 1a).[25] 
The strong interaction between the iron salt and the dopamine 
is proven by a notable color and constitution change during 
grinding. The mixture transfers into a viscous paste, which 
starts to solidify apparently into crystals after standing in air 
(Figure 1b; Figure S1 and S2, Supporting Information). X-ray 
diffraction (XRD) was measured directly after the grinding pro-
cess and then after different aging times (Figure 1c). The rela-
tively simple XRD patterns with just a few but sharp peaks indi-
cate the formation of a periodic layered structure after 3–5 days 
seen in the occurrence of a peak at 2θ = 15.7°, which can be 
attributed to the interlayer distance of the DA–Fe complex of 
5.64 Å. Changing the ratio between DA and FeCl3·6H2O, 
reveals similar patterns however with changing intensity of the 
peaks (Figure S2a, Supporting Information).

To examine if such layered structures can solely be formed 
from the DA–Fe complex, a catechol–FeCl3·6H2O (Cat–Fe) and 
an aniline–FeCl3·6H2O (An–Fe) mixture were also prepared, 
respectively, which again yields a paste which solidifies after 
several days (Figure S2c and S3, Supporting Information). XRD 
measurements show patterns that are comparable to those of 
the DA–Fe mixture, however, with a shift of the peaks to larger 

Adv. Mater. 2017, 29, 1700707

Figure 1. a) Schematic illustration of the overall synthetic procedure of 2D microporous carbon nanosheets (CNs). b) Photographs of freshly prepared 
DA–Fe paste and crystals after aging. c) XRD patterns of the paste after different aging time. d) SEM image of CNs obtained from the DA–Fe complex.



7.1. 2D Porous Carbons prepared from Layered Organic–Inorganic Hybrids and their Use 
as Oxygen Reduction Electrocatalysts                                                                

63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700707 (3 of 9)

www.advmat.dewww.advancedsciencenews.com

angles (Figure S2a, Supporting Information), pointing to a 
decreased interlayer distance, which can be attributed to the 
smaller size of the catechol and aniline molecule.

Subsequently, the crystallized DA–Fe mixture was thermally 
treated under argon atmosphere. The 2D growth of porous 
carbon nanosheets is hypothesized to occur via thermal cross-
linking of the DA ligands coordinated on the FeCl3·6H2O layered 
crystals. Indeed, DA–Fe derived materials prepared by heating 
the complex to lower temperatures (e.g., 200, 300, or 400 °C)  
already possess a layered or sheet-like structure (Figure S4  
and S5, Supporting Information). However, for the envisaged 
application as advanced electrodes, i.e., as non-noble-metal 
catalysts for the oxygen-reduction reaction (ORR), a good elec-
trical conductivity is needed. Therefore, the DA–Fe mixture was 
further heated to higher temperatures of 600–800 °C (named 
NFe/CNs-T, where “T” denotes the carbonization tempera-
ture). After carbonization, the resulting materials were carefully 
washed with 1 m HCl to remove residual iron species. Trans-
mission electron microscopy (TEM) and scanning electron 
microscopy (SEM) measurements indicated that the obtained 
DA–Fe-based porous carbon prepared at 600 and 700 °C  
both showed 2D sheet-like morphologies with a size from 
hundreds of nanometers to several micrometers. When the 
carbonization temperature increased to 800 °C, the thin sheet-
like morphology tends to transform into a vesicle-like structure 
(Figure S6, Supporting Information). High-resolution TEM 
images further indicate that the nanosheets NFe/CNs-600 and 
NFe/CNs-700 are highly microporous (Figure 2b,e). On the 
other hand, NFe/CNs-800 shows a distinct graphitic but less-
porous structure (Figure 2h). Notably, no metal particles are 
observed within all the TEM images after washing with 1 m HCl 
solution. The thickness of the observed carbon nanosheets was 
investigated by AFM (Figure 2c,f,i), giving an average thick-
ness of these nanosheets of about 30–40, 5–15, and 45–55 nm  
for NFe/CNs-600, NFe/CNs-700, and NFe/CNs-800, respec-
tively. The increased thickness of NFe/CNs-800 can be attrib-
uted to structural rearrangement of the first formed porous 
carbon sheets in the presence of the Fe catalysts. In addition, 
the influence of the DA/Fe salt ratio on the resulting carbon 
nanostructures was investigated. Different molar ratios of DA 
and FeCl3·6H2O (3:1, 1:1.5, 1:3.5, 1:7, and 1:14) were applied, 
and the chemical structures, morphologies, and surface areas 
of the resulting NFe/CNs after carbonization at 700 °C were 
studied (Figure S7 and S8, Supporting Information). It is noted 
that only when the DA–Fe molar ratio decreases to 1:3.5 or 
lower (1:7 and 1:14) the obtained CNs exhibit a uniform 2D 
morphology, proving the importance that the layered structure 
of FeCl3·6H2O is maintained after addition of the organic pre-
cursors for the formation of 2D carbon structures.

Nitrogen-sorption measurements were carried out to analyze 
the porous characteristics of the NFe/CNs materials (Figure 3a). 
The calculated Brunauer–Emmett–Teller surface areas of NFe/
CNs-600, NFe/CNs-700, and NFe/CNs-800 are 1071, 1752, 
and 395 m2 g−1, respectively. The pore-size distribution (PSD) 
analysis shows that the pores of all materials are mostly smaller 
than 2 nm, that is, the high surface areas of the NFe/CNs can be 
mainly attributed to microporosity. For all NFe/CNs, especially 
NFe/CNs-700, several maxima are seen in the PSD (marked in 
Figure 3b), showing smaller and larger micropores and even 

some mesopores around 4 nm. It has been reported that such 
hierarchical pore structures may not only promote the forma-
tion of metal–N active cites but also enhance the mass transfer 
during the ORR.[16,18]

XRD (Figure 3c) and Raman spectroscopy (Figure 3d) meas-
urements were taken to investigate the degree of graphitization 
obtained after different thermal treatments. The obtained NFe/
CNs shows increased graphitization along with the increased 
temperature from the XRD results. The peaks for NFe/CNs-
800 are much more pronounced than for NFe/CNs-600 and 
NFe/CNs-700, which indicates that NFe/CNs-800 possesses a 
much higher graphitic ordering. The XRD measurements of 
the NFe/CNs before acid washing (Figure S5, Supporting Infor-
mation) show that a considerable amount of Fe/Fe3C has been 
formed when the temperature reaches 800 °C, which can be the 
reason for increased graphitization. Raman spectra support the 
conclusions from XRD measurements. NFe/CNs-600, NFe/CNs-
700, and NFe/CNs-800 all display two intensive peaks around 
1350 and 1580 cm−1, which can be attributed to the D and G 
band. The G band arises from the bond stretching of all sp2-
bonded pairs, while the D band is associated with the sp3 defec-
tive sites. The G band of NFe/CNs-800 is distinctly sharper than 
the one of NFe/CNs-600 and NFe/CNs-700, and the intensity 
ratio of the G to the D band (IG/ID) significantly increases from 
1.1 (both NFe/CNs-600 and NFe/CNs-700) to 4.2 (NFe/CNs-800). 
Furthermore, a sharp 2D band peak is observed in the spectrum 
of NFe/CNs-800 (corresponding IG/I2D is 3.9) indicating the 
formation of multilayer high quality graphene.[26] In summary, 
the XRD and Raman spectra confirm the high crystallinity with 
pronounced graphitic stacking for NFe/CNs-800, which on the 
other hand results in a much lower specific surface area.

The elemental composition and nature of the heteroatom 
doping in the resultant 2D carbon nanosheets were explored by 
X-ray photoelectron spectroscopy (XPS). The binding situation 
of nitrogen within nitrogen-doped carbons has been frequently 
reported to be an essential factor for their catalytic activity. XPS 
revealed nitrogen contents of 4.7, 4.0, and 1.1 wt% in NFe/CNs-
600, NFe/CNs-700, and NFe/CNs-800, respectively (Figure S6d, 
Supporting Information). The high-resolution N 1s core-level 
spectra of these materials can be deconvoluted into four peaks 
at 398.5, 399.5, 401.0, and 402.6 eV, which are attributed to 
pyridine-like, pyrrole-like, graphitic N, and pyridinic N+O−, 
respectively.[27,28] It should be noted that mainly pyridine-like 
and graphitic nitrogen have been described to be beneficial for 
the catalytic activity in ORR. For NFe/CNs-600, all four nitrogen 
species can be detected with a majority of pyrrole-like N. 
Notably, heating the samples to 700 °C drastically changes this 
binding situation, showing a strong decrease in the amount of 
pyrrole-like nitrogen and also, to a lower extent, of pyridine-like 
nitrogen, making graphitic nitrogen the overwhelming species. 
Considering that the overall nitrogen amount has just slightly 
decreased (from 4.7 to 4.0 wt%), it can be assumed that essen-
tially just the nitrogen located on edges of the carbon sheets 
are removed due to the increased temperature treatment. This 
observation is certainly promising for the ORR activity since 
inactive N in the catalyst is removed or transferred into more 
active species at 700 °C, i.e., into pyridine-like or graphitic 
N.[15] For NFe/CNs-800, in which the overall N content has 
decreased significantly, the binding situation has changed again 

Adv. Mater. 2017, 29, 1700707
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as most of the remaining nitrogen is pyridine-like N located at 
the edges of graphitic carbon layer.[28,29] The almost complete 
removal of graphitic nitrogen can be attributed to the extensive 
reconstruction of the carbons from NFe/CNs-700 to NFe/CNs-
800 yielding highly crystalline graphite as seen in the XRD and 
Raman measurements. To quantify the residual amount of iron 
species after acid etching, at first XPS was applied, however, 

no signals for iron could be detected for all NFe/CNs, indi-
cating that the amount of metal species is below the detection 
limit. Therefore, inductively coupled plasma optical emission 
spectroscopy (ICP-OES) analysis was carried out, showing a 
residual iron amount of 0.05, 0.12, and 0.39 wt% for NFe/CNs-
600, CNs-700, and CNs-800, respectively. These data together 
with the TEM images, from which no trace of metal particles 

Adv. Mater. 2017, 29, 1700707

Figure 2. Representative TEM (top), AFM (bottom) images, and corresponding thickness distribution based on 50 height section measurements of: 
a–c) NFe/CNs-600, d–f) NFe/CNs-700, and g–i) NFe/CNs-800.
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can be detected after acid etching, suggest a homogeneous dis-
persion of metal ions within the carbon sheet.[18]

The electrocatalytic properties of the NFe/CNs catalysts syn-
thesized at different temperatures toward ORR were first evalu-
ated using the rotating disk electrode (RDE) technique in 0.1 m 
KOH at room temperature (Pt/C was tested under the same 
condition for comparison), as shown in Figure 4a. For com-
parison, also Fe/CNs-700, prepared using catechol instead of 
dopamine as carbon precursor, that is, a comparable material 
without N-doping was tested for ORR at the same conditions 
(Figure S3 and S8, Supporting Information). All the activities of 
NFe/CNs catalysts are obviously higher than the one observed 
for Fe/CNs-700, indicating the crucial influence of N-doping 
on the ORR activity. The onset potential (E0) and half-wave 
potential (E1/2) for NFe/CNs-700 (E0 = 0.937 V, E1/2 = 0.863 V) 
are more positive than for the catalysts prepared at 600 and  
800 °C, respectively, and even more positive than for the refer-
ence Pt/C catalyst (E0 = 0.915 V, E1/2 = 0.816 V). The electro-
chemical impedance of these catalysts (Figure S9, Supporting 
Information) reveals that the charge-transfer resistance of NFe/
CNs-700 is much lower than for NFe/CNs-600 and NFe/CNs-
800, which indicates a much faster kinetic process of the ORR 
reaction. It can thus be concluded that an interplay of high sur-
face area, hierarchically porous structure, beneficial nature of 
nitrogen species and co-doped metal atoms, as well as the good 
conductivity observed for NFe/CNs-700 are all positively influ-
encing the ORR performance.[30]

Furthermore, by treating the so-far most promising catalyst 
(NFe/CNs-700) again in N2 or NH3 atmosphere at 800 °C for 1 h 
(denoted as NFe/CNs-700-800-N2 and NFe/CNs-700-800-NH3), 
a further enhancement can be obtained. Indeed, both catalysts 
exhibit dramatically increased ORR performances compared 

to NFe/CNs-700, as shown in Figure 4a. The RDE polariza-
tion curves indicate an onset potential and half-wave potential 
of 0.929 and 0.855 V for NFe/CNs-700-800-N2 and 0.930 V and 
0.859 V for NFe/CNs-700-800-NH3, respectively. Meanwhile, 
the limited current density increases from 4.50 mA cm−2 (NFe/
CNs-700) to 5.45 mA cm−2 for both catalysts, which are highly 
comparable to that of the-state-of-art Pt/C and higher than most 
of the recently reported non-noble-metal–N/C catalysts,[30–32] 
prepared by other salt templating approaches (Table S1, Sup-
porting Information). Even when compared to the-state-of-art 
Pt/C, the onset potential and half-wave potential of NFe/CNs-
700-800-NH3 are 15 and 43 mV positive, respectively. Table 1 
summarizes the specific surface area of NFe/CNs-700 after sec-
ondary thermal treatment, showing just a slight decrease in 
surface area by both treatments. Furthermore, from TEM meas-
urements no obvious change of the 2D structure is observed 
(Figure S10, Supporting Information). However, a much lower 
content of oxygen (XPS in Figure S11, Supporting Informa-
tion) and increased graphitic crystallinity (XRD in Figure S10, 
Supporting Information) are obtained after secondary thermal 
treatment. The XRD pattern is showing broad and some addi-
tional sharp peaks, which can be assigned to graphitic carbon, 
indicating that just parts of the carbon material became crys-
talline, which on the one hand increases the conductivity of 
the catalyst. The other fraction of the carbon material however 
still maintains low crystallinity, which on the other hand pre-
serves the high surface area and heteroatom doping. The elec-
trochemical impedance further reveals the decreasing of the 
charge-transfer resistance after secondary thermal treatment 
(Figure S9, Supporting Information).

To demonstrate the potential of NFe/CNs-700-800-NH3 as 
effective ORR catalysts to replace commercial Pt/C electrodes, 

Adv. Mater. 2017, 29, 1700707

Figure 3. a–e) N2-adsorption/desorption isotherms, the corresponding pore-size distribution curves calculated from the adsorption branch of the 
isotherms by: the DFT method (b), XRD patterns (c), Raman spectra (d), and high-resolution N 1s core-level XPS spectra (e) of NFe/CNs-600, NFe/
CNs-700, and NFe/CNs-800.
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Table 1. Specific surface area, catalysts loading, and catalytic activities of the NFe/CNs and commercial Pt/C catalysts.

Samples Specific surface area  
[m2 g−1]

Catalyst loading  
[mg cm−2]

Half-wave potentiala)  
[V]

Onset potentialb)  
[V]

Limited current density  
[mA cm−2]

NFe/CNs-600 1071 0.1 0.747 0.831 4.65

NFe/CNs-700 1752 0.1 0.863 0.937a) 4.69

NFe/CNs-800 395 0.1 0.764 0.867 4.65

NFe/CNs-700-800-N2 1477 0.1 0.855 0.929a) 5.45

NFe/CNs-700-800-NH3 1507 0.1 0.859 0.930a) 5.45

Pt/C-BASF – 0.1 0.816 0.915 5.50

Pt/C-Alfa – 0.1 0.809 0.896 5.36

a)Half-wave-potentials E1/2 were determined at the point where the current density reached 50% of the limited current density of each catalyst; b)The onset potential values 
of all catalysts were based on the current density of 10% of the limited current density, that is why the NFe/CNs-700-800-N2 and NFe/CNs-700-800-NH3 show a negative 
potential versus NFe/CNs-700.

Figure 4. a) RDE polarization curves of Pt/C, Fe/CNs-700, and NFe/CNs catalysts prepared at different temperatures. The catalyst loading amount is 
0.1 mg cm−2 for all samples. b) Relationship between temperature and the onset potential/half-wave potential of the catalysts. c) Tafel plots of NFe/
CNs-700-800-NH3 and Pt/C obtained from BASF. Durability tests for NFe/CNs-700-800-NH3: d) RDE curves before and after cycling in oxygen-saturated 
0.1 m KOH in the potential range from 0.615 to 1.015 V (vs RHE). e) Half-wave potential shift at different cycle numbers. f) Current decay of NFe/
CNs-700-800-NH3 electrodes for 7.5 h at 0.775 V and a rotation rate of 1600 rpm. g) Chronoamperometric response for ORR at NFe/CNs-700-800-NH3 
and Pt/C electrodes on addition of 9 mL methanol after about 200 s. h) RDE polarization plots of NFe/CNs-700-800-NH3 with 1 m CH3OH and without 
CH3OH. i) Current density at ≈0.760 V of different recently reported ORR catalysts and the best catalyst (NFe/CNs-700-800-NH3) presented in this work.
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we further tested the electrochemical stability and pos-
sible methanol crossover. The durability of the NFe/CNs-
700-800-NH3 catalyst was tested by cycling in oxygen-satu-
rated 0.1 m KOH in the potential range from 0.615 to 1.015 V. 
The RDE curves before and after 10 000 cycles only shows an  
≈18 mV potential shift of half-wave potential, which is much 
better than for a state-of-the-art Pt/C catalyst (Figure 4d,e). A 
long-term test of current–time chronoamperometric responses 
of NFe/CNs-700-800-NH3 catalyst was also taken at 0.775 V and 
a rotation rate of 1600 rpm, showing that there is only a 5% cur-
rent loss after operation for 7.5 h. In contrast, the Pt/C shows a 
12% current loss only after 1 h operation, thus a much poorer sta-
bility. The chronoamperometric response on methanol of NFe/
CNs-700-800-NH3 catalyst (Figure 4g) also exhibits a much lower 
current decrease than that of the Pt/C electrode. It is striking to 
note that even when working in an electrolyte with 1 m CH3OH, 
the NFe/CNs-700-800-NH3 catalyst shows a 23 mV negative shift 
of the potential only (Figure 4h). These results clearly indicate 
that catalytically active sites on the NFe/CNs-700-800-NH3 are 
much more stable than those on Pt/C showing a potential shift 
of 364 mV in 1 m CH3OH (Figure S12, Supporting Information). 
Figure 4i gives the current densities of some representative and 
state-of-the-art ORR catalysts at the potential of ≈0.760 V versus 
RHE, which shows the current density of the catalyst presented 
here can reach to 5.00 mA cm2 and thus compares favorably to 
the best reported non-noble-metal catalysts.[15,30,33–35] Rotating 
ring disk electrode (RRDE) measurements yield electron transfer 
numbers for NFe/CNs-700 and NFe/CNs-700-800-NH3 cata-
lyst, which are all higher than 3.7 at the whole potential range 
(Figure S13, Supporting Information).

As seen from ICP measurements, there is still a small but 
noticeable amount of iron left in all samples, which cannot be 
removed by acid washing. Fe sites in combination with N-doped 
carbons has been frequently described as the catalytic active 
centers in ORR and it can be reasoned that also in our materials 
the Fe doping plays a crucial role for the catalytic activity.[36–39] 
To further clarify the importance of Fe–N doping in this cat-
alyst, a poisoning experiment of the proposed Fe–N active 
sites was carried out by using an electrolyte which contains  
10 × 10−3 m of a thiocyanate (SCN− ). The RDE curves of NFe/
CNs-700-800-NH3 with SCN− (Figure S14, Supporting Informa-
tion) show that the poisoning of Fe–N active site indeed causes 
a 62 mV negative shift.

Finally, a homemade electrochemical cell was constructed 
with a zinc foil as anode and NFe/CNs-700-800-NH3 loaded 
on carbon cloth with gas diffusion layer as cathode. The 
resulting Zn–air battery was applied to further demonstrate 
the promising ORR catalytic activity of the 2D porous carbon 
catalysts. A NFe/CNs-700-800-NH3 and Pt/C loaded Zn–air 
battery, respectively, was tested at identical conditions for 
comparison as shown in Figure 5. The open-circuit voltages 
can reach to 1.48–1.52 V for both NFe/CNs-700-800-NH3 and 
Pt/C equipped batteries. Figure 5b shows that two connected 
NFe/CNs-700-800-NH3 batteries can light up a 2 V light-emit-
ting diode (LED) easily. Long time galvanostatic discharge 
curves until complete consumption of the Zn foil anode were 
also tested (Figure 5c, Supporting Information). No obvious 
voltage drop was observed for the NFe/CNs-700-800-NH3 cat-
alyst at a current density of 100 mA cm−2. However, for the 
Pt/C equipped battery, a slow voltage drop during the whole 

Figure 5. a) Schematic image of a homemade Zn–air battery. b) Photograph of a LED connected to two batteries with NFe/CNs-700-800-NH3 elec-
trodes. c) Long time galvanostatic discharge curves until complete consumption of the Zn foil anode. d) Discharge curves of the batteries under 
different current density.



7.1. 2D Porous Carbons prepared from Layered Organic–Inorganic Hybrids and their Use as Oxygen 
Reduction Electrocatalysts 

68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700707 (8 of 9)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2017, 29, 1700707

discharge process is observed. Finally, the specific capacity 
of a NFe/CNs-700-800-NH3 equipped battery can reach to 
≈750 mA h g−1, which is higher than for the Pt/C equipped 
battery (≈680 mA h g−1), corresponding to a gravimetric energy 
density of ≈800 W h kg−1. Discharge curves of the batteries 
under different current density (10, 20, 50, and 100 mA cm−2) 
were also tested for both the NFe/CNs-700-800-NH3 and Pt/C 
equipped devices (Figure 5d). The NFe/CNs-700-800-NH3 bat-
tery shows a better discharge stability than the Pt/C battery and 
also than most other reported catalysts,[40] especially at a high 
current density of 100 mA cm−2. These results highlight again 
the high ORR catalytic activity and stability of the 2D NFe/
CNs catalysts presented here, which make them interesting 
for advanced Zn–air electrodes and other related applications. 
The superior electrochemical performances of NFe/CNs-700-
800-NH3 for ORR can be attributed to several factors: i) the 
nanometer thickness of porous carbon sheets can efficiently 
enhance the transfer speed for both electrons and oxygen; ii) 
the combination of Fe- and N-doping can modulate the elec-
tronic properties and surface polarities, thus improving the 
activity of the catalyst; iii) the high specific surface area and 
porous structure make the active sites fully accessible and 
improve the transport properties of ORR-relevant species; iv) 
the much lower C/O ratio and higher graphitic crystallinity of 
the catalysts after secondary thermal treatment provide higher 
conductivity and stability.

In summary, we have developed a facile strategy for the syn-
thesis of heteroatom-doped 2D porous carbons by employing 
iron chloride as active, structure-directing salt-template. Porous 
carbon nanosheets prepared by this method exhibit well-
defined 2D morphology, nanometer thickness, high specific 
surface area, tunable heteroatom doping, and enriched electro-
active sites, which is seen in the excellent electrocatalytic per-
formance in ORR, showing potential to replace Pt/C catalysts. 
The synthetic method presented here furthermore provide a 
universal protocol for generating 2D porous nanomaterials 
interesting for a broad range of applications such as catalysis, 
sensors, supercapacitors, and batteries.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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Two-Dimensional Porous Carbons Prepared from Layered Organic-Inorganic Hybrids 
and their Use as Oxygen Reduction Electrocatalysts  
Shuang Li a, Chong Cheng b, Hai-Wei Liang c, Xinliang Feng*,c, and Arne Thomas*,a 
 
 

Chemical reagents and materials: 

FeCl3·6H2O was obtained from Arcos Organics. Aniline, dopamine hydrochloride, catechol 

and H2SO4 (98%) were obtained from Sigma Aldrich. Unless otherwise stated, all the reagents 

were of analytical grade and were used as received. All aqueous solutions were prepared with 

DI water. 

Characterizations and Methods: 

TEM, and HR-TEM measurements were conducted on a JEOL-2100, and FEI Tecnai G² 20 

S-TWIN electron microscope at an operating voltage of 200 kV. The sample was dissolved in 

ethanol and the suspension was dropped onto a copper grid covered with carbon film. The 

AFM results were recorded by a MultiMode Nanoscope V scanning probe microscopy (SPM) 

system (Bruker, USA) in the air under ambient conditions. The commercially available AFM 

cantilever tips with a force constant of ~ 48 N/m and resonance vibration frequency of ~ 330 

kHz were used, and the scanning rate was set at 0.8 Hz. The AFM samples for porous carbon 

nanosheets were prepared by dropping ethanol dispersion of carbon powders (~ 0.01 mg/mL, 

sonicated for 5 minutes with an ultrasonic bath cleaner) on freshly cleaved mica surface and 

dried under vacuum at 60 oC. The AFM mode, Peak Force QNM, was used in order to better 

control the force with which the tip interacts with the surface. PPP-NCLR-20 probes with a 

force constant 21-98 N/m (silicon, resistivity: 0.01-0.02 Ωcm Bruker) were used for the 

ambient measurement. XRD analysis was performed on a RigakuD/Max 2500 X–ray 
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diffractometer with Cu Karadiation (k=1.54 Å) at a generator voltage of 40 kV and a 

generator current of 50 mA with a scanning speed of 5 o/min from 10o to 70o. Raman 

measurements were recorded on an Invia/Reflrx Lasser Micro-Raman spectroscope 

(Renishaw, England) with excitation laser beam wavelength of 532 nm. The powders were 

placed on a clean glass substrate that was used for the Raman measurement. X-ray 

photoelectron spectra (XPS) were determined by an X-ray photoelectron spectrometer (AXIS 

UltraDLD, Kratos, Japan). N2 sorption analysis was conducted on a TriStar 3020 accelerated 

surface area and porosimetry instrument, equipped with automated surface area, at 77 K using 

Brunauer–Emmett–Teller (BET) calculations for the surface area. The pore size distribution 

(PSD) plot was recorded from the adsorption branch of the isotherm based on the NLDFT 

model. 

Experimental section: 

Synthesis of 2D porous carbon. Dopamine hydrochloride and FeCl3·6H2O were mixed with 

different molar ratio (3:1, 1:1.5, 1:3.5, 1:5, 1:7, and 1:14) by simple grinding. The mixture 

powder was first yellow and then became dark green during the gridding. The gridding 

process should continue until all the solid powders transformed into flowable black liquid, 

which means that the complexation and reaction of dopamine hydrochloride and FeCl3·6H2O 

were completed (Figure S1). The dopamine-iron salts complex was then immediately 

transferred into Argon oven for thermal treatment under different temperatures for 2 h with a 

heating rate of 5 oC/min. Decomposition and sublimation of FeCl3·6H2O salt took place along 

the heating process. The obtained black powder was washed with 0.5 M H2SO4 and water, 

then dried in normal oven at 60 oC for 12 h to yield the 2D porous carbon nanomaterials. 

Aniline and catechol based 2D carbon nanomaterials were synthesized in the similar 

procedure. The secondary thermal treatment of our catalysts was performed either in argon or 

ammonia oven for 2 h. 
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Electrochemical measurements. All the electrochemical measurements were carried out in a 

conventional three-electrode cell using the PINE electrochemical workstation (Pine Research 

Instrumentation, USA) and Gamry reference 600 workstation (Gamry, USA) at room 

temperature. Ag/AgCl and platinum wire were used as reference and counter electrodes, 

respectively. A glassy carbon (GC) RDE electrode with an area of 0.196 cm2 and RRDE 

electrode with a Pt ring (5.52 mm inner-diameter and 7.16 mm outer-diameter) and a glassy 

carbon disk (5.0 mm diameter) served as the substrate for the working electrode for evaluating 

the ORR activity and selectivity of various catalysts. The electrochemical experiments were 

conducted in O2 saturated 0.1 M KOH electrolyte for the oxygen reduction reaction. The RDE 

and RRDE measurements were conducted at a rotating speed of 1600 rpm with a sweep rate 

of 10 mV/s. To estimate the double layer capacitance, the electrolyte was deaerated by 

bubbling with argon, and then the voltammogram was evaluated again in the deaerated 

electrolyte. 

The catalyst ink was prepared by blending the catalyst powder (10 mg) with 100 μL Nafion 

solution (0.5 wt %) and 900 μL ethanol in an ultrasonic bath. 2 μL of catalyst ink was then 

pipetted onto the GC surface, leading to a catalyst loading of 0.1mg/cm2. Commercial 20 

wt % platinum on Vulcan carbon black (Pt/C from BASF and Alfa) was measured for 

comparison. The working electrode was prepared as follows, 5 mg Pt/C was dispersed in 1 

mL Nafion solution (0.25 wt %) by sonication for 1 h to obtain a well-dispersed ink. 4 μL of 

catalyst ink was then pipetted onto the GC surface, leading to a Pt/C loading of 0.1 mg/cm2. 

The four-electron selectivity of catalysts was evaluated based on the H2O2 yield, calculated 

from the following equation (1): 

DR

R

INI
NIOH



)/(

/200(%)22       (1)  

The electron transfer number can be calculated based on the following equation (2): 

DR

D

INI
In



)/(

4
               (2)  
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Here, ID and IR are the disk and ring currents, respectively, and N = 0.36 is the ring collection 

efficiency. 

The onset potential and half-wave-potential E1/2 values of all catalysts were determined when 

the current density reached 10% and 50% of the limited current density of each catalyst, 

respectively. 

Zn-air batteries were tested in homemade electrochemical cells, where catalysts loaded on a 

carbon cloth with gas diffusion layer (catalysts loading 2 mg/cm2 for all NFe/CNs catalysts 

and 1 mg/cm2 for Pt/C) as the air cathode and zinc foil as the anode in 6.0 M KOH. 

Measurements were carried out on the as-constructed cell at room temperature with a Garmy 

reference 600 electrochemical workstation. 

 

Scheme S1. Crystal structure of FeCl3·6H2O and the corresponding structural parameters.[1] 
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Figure S1. Time course of the appearance of the DA-Fe complex during mixing and grinding. 

 

 

Figure S2. XRD patterns of a) DA-Fe crystals with different molar ratio and different 

precursors; b) Photograph of DA-Fe complex with 1-7 molar ratio after 5 days. c) Cat-Fe 

complex with 1-7 molar ratio. d) SEM images of the Cat-Fe complex treated at 400 oC. 
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Figure S3. a) Chemical structures and complexation of Fe3+ ions with aniline, dopamine 

hydrochloride, and catechol, from left to right; SEM images of 2D sheet-like porous CNs 

obtained at 700 oC from b) DA-Fe complex, c) Cat-Fe complex, and d) An-Fe complex. 

The catechol and aniline were also used as carbon precursors to synthesize the 2D carbon at 

700°C. SEM images show that the mixture of catechol and aniline precursors with 

FeCl3·6H2O templates can also yield 2D sheet-like porous CNs, which indicate that the active 

salt template method is indeed a universal approach to produce 2D porous carbon structures. 
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Figure S4. SEM images of the DA-Fe complex treated at different temperatures (200, 300, 

400, 700 oC) before washing: a) NFe/CNs-200B, b) NFe/CNs-300B, c) NFe/CNs-400B, d) 

NFe/CNs-700B. B stands for “before washing” with water and acid to remove the extra 

amount of salt templates. e, f and g) TEM images of NFe/CNs-400B.  

 

Figure S5. a) XRD patterns of DA-Fe complex treated at different temperatures; b) TGA 

curves of DA-Fe complex and pure FeCl3·6H2O under nitrogen atmosphere measured with a 
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rate of 5oC/min to 900 oC; c and d) XRD patterns of DA-Fe complex treated under 700 and 

800 oC before and after acid washing.  

 

Figure S6. SEM images of NFe/CNs from different temperatures a) 600 oC, b) 700 oC and c) 

800 oC, all scale bars are 1 μm. d) XPS spectra of NFe/CNs from different temperatures. 

 

 

 

Figure S7. TEM and SEM images of carbons derived from different DA-Fe molar ratios: a) 

and b) 3:1, c) and d) 1:1.5, e) and f) 1:3.5, g) and h) 1:7   

Increasing amount of inorganic template 
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Figure S8. N2 adsorption/desorption isotherms of a) 2D porous carbon obtained from 

different DA-Fe molar ratio, 3-1, 1-1.5, 1-3.5, 1-7 and 1-14; b) 2D porous carbon obtained 

from Cat-Fe complex with molar ratio of 1-7. The specific surface area of the carbons 

prepared from 3:1, 1:1.5, 1:3.5, 1:7, and 1:14 are 210, 160, 450, 1752, and 1188 m2/g (Figure 

S6), thus seem to reach a maximum with an optimum reaction ratio at 1:10. Furthermore, 2D 

carbon from Cat-Fe complex at 700°C only has a surface area of 410 m2/g, which may 

because of the lower surface defects/porosity.  

 

Figure S9. a) CV curves of NFe/CNs catalysts obtained in different temperatures; b and c) 

electrochemical impedance spectroscopy (EIS) analyses of the catalysts. 
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Figure S10. TEM and high resolution TEM images of a) and b) NFe/CNs-700-800-NH3, and 

c, d and e) NFe/CNs-700-800-N2 from DA-Fe; f) XRD patterns of NFe/CNs-700-800-NH3 

and NFe/CNs-700-800-N2. 
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Figure S11. a) The XPS wide spectra of NFe/CNs-700 before and after secondary thermal 

treatment. N 1s spectra of b) NFe/CNs-700, c) NFe/CNs-700-800-N2, and d) NFe/CNs-700-

800-NH3. 

 

Figure S12. RDE polarization plots of Pt/C with 1 M CH3OH and without CH3OH. 

 

 

Figure S13. a) RRDE curves of NFe/CNs-700 and NFe/CNs-700-800-NH3 produced from 

DA-Fe in 0.1 M KOH at the rotating rate of 1600 rpm, b) electron transfer number and H2O2 

yield plots of the catalysts. 
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Figure S14. RDE curves of NFe/CNs-700-800-NH3 with/without 10 mM NaSCN. 

 

Table S1. Summary of recently reported ORR performances of different porous carbon 
catalysts under alkaline conditions (0.1 M KOH).  
 
Catalysts Catalyst 

loading 
(mg cm-2) 

E1/2 
(V vs. 
RHE) 

E1/2 of 
reported 
Pt/C (V 
vs. RHE) 

Reference 

NFe/CNs-700-800-N2 0.100 0.855 0.850 This work 
NFe/CNs-700-800-NH3  0.100 0.859 0.850 This work 
Meso/micro-PoPD from 

silica templating 

0.100 0.850 0.850 Nat. Commun., 2014, 5, 

4973 
N/S-doped carbon 

nanotube core-sheath 

nanostructures 

0.600 0.820 0.850 Angew. Chem. Int. Ed., 

2014, 53, 4102-4106 

Fe-N/C-800 0.100 0.809 0.818 J. Am. Chem. Soc., 2014, 

136, 11027–11033 

N-doped carbon 

nanosheets from silica 

templating 

0.600 0.840 0.800 Angew. Chem. Int. Ed., 

2014, 126, 1596-1600 
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N-doped carbon sheets 

from gelatin 

0.238 0.830 - Nano Lett., 2014, 14, 

1870–1876 

Fe3N encapsulated in 

graphitic layers 

0.400 0.860 0.840 Adv. Mater., 2015, 27, 

2521-2527 

Fe-N/C mesoporous 

carbon templated by 

FeO(OH) nanocrystals 

0.079 0.810 0.800 J. Am. Chem. Soc., 2015, 

137 (16), pp 5555–5562 

Fe–N–C catalysts 0.800 0.850 0.840 Nat. Commun., 2015, 6, 

8618. 

N,P-doped carbon foam 0.150 0.850 0.850 Nat. Nanotechnol., 2015, 

10, 444 

N doped porous carbon 

from MgO templating 

0.250 0.770 0.800 Adv. Mater., 2016, 28, 

6845–6851 

Fe−N/C Electrocatalysts 0.800 0.880 0.870 J. Am. Chem. Soc., 2016, 

138, 15046−15056 

CoOx/Co@GC-NC - 0.858 0.840 Adv. Sci., 2016, 3, 

1600060. 

Defective activated-

carbon with Mn-Co 

nanoparticles 

0.160 0.803 0.800 Adv. Mater., 2016, 28, 

8771–8778 

MnCo2O4/C nanosheets 

from NaCl salt 

templating 

0.127 0.767 0.801 Nano Res., 2016, 9, 

2110–2122 

N/S hierarchically 

porous carbon from 

silica templating 

0.140 0.850 0.850 Energy Environ. Sci., 

2017, DOI: 

10.1039/C6EE03265F 

Rh/C-800 from Na2SO4 

salt templating 

0.793 0.806 0.879 Nanoscale, 2017, 9, 

1834–1839 

N-doped carbon cubes 

from NaCl salt 

templating 

0.400 0.800 0.861 Nanoscale, 2017, 9, 

1059–1067 

 

Reference: [1] M. D. Lind, J. Chem. Phys. 1967, 47, 990. 



Chapter 7. Publication Reprints                                                

85 

7.2 Active Salt/Silica-Templated 2D Mesoporous 

FeCo-Nx-Carbon as Bifunctional Oxygen Electrodes for 

Zinc-Air Batteries 

 
 
 
This section reprints the following paper with permission of John Wiley and Sons. 

Copyright 2017. 

S. Li, C. Cheng, X. Zhao, J. Schmidt, A. Thomas, Active Salt/Silica-Templated 2D 

Mesoporous FeCo-Nx-Carbon as Bifunctional Oxygen Electrodes for Zinc-Air 

Batteries, Angew. Chem. Int. Ed. 2018, 57, 1856. 

https://doi.org/10.1002/anie.201710852 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Shuang Li
打字机文本
Published version

https://doi.org/10.1002/anie.201710852


Chapter 7. Publication Reprints 

86 

 

 

 

 

 



7.2. Active Salt/Silica-Templated 2D Mesoporous FeCo-Nx-Carbon as Bifunctional Oxygen 
Electrodes for Zinc-Air Batteries                                                                           

87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

German Edition: DOI: 10.1002/ange.201710852Electrocatalysis
International Edition: DOI: 10.1002/anie.201710852

Active Salt/Silica-Templated 2D Mesoporous FeCo-Nx-Carbon as
Bifunctional Oxygen Electrodes for Zinc–Air Batteries
Shuang Li, Chong Cheng, Xiaojia Zhao, Johannes Schmidt, and Arne Thomas*

Abstract: Two types of templates, an active metal salt and silica
nanoparticles, are used concurrently to achieve the facile
synthesis of hierarchical meso/microporous FeCo-Nx-carbon
nanosheets (meso/micro-FeCo-Nx-CN) with highly dispersed
metal sites. The resulting meso/micro-FeCo-Nx-CN shows high
and reversible oxygen electrocatalytic performances for both
ORR and OER, thus having potential for applications in
rechargeable Zn–air battery. Our approach creates a new
pathway to fabricate 2D meso/microporous structured carbon
architectures for bifunctional oxygen electrodes in recharge-
able Zn–air battery as well as opens avenues to the scale-up
production of rationally designed heteroatom-doped catalytic
materials for a broad range of applications.

Rechargeable metal–air batteries are considered as one of
the most promising candidates as power source for next
generation electric vehicles and many other electrical devices
because of their low cost and high energy density.[1] The
efficiency of charge–discharge processes of metal–air batter-
ies is significantly affected by the electrocatalysts for the
oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER). At present, one of the major challenges
impeding the widespread commercialization of rechargeable
metal–air batteries reside in the low onset and half-wave
potential of ORR (that is, determining the working discharge
voltage of the battery) and high overpotential of OER (that is,
the charge voltage of the battery).[2] Precious metal based
electrocatalysts (for example, Pt/C, RuO2, Ir/C) usually
possess high catalytic activity either for ORR or OER.
However, none of these commercial catalysts can satisfyingly
perform both reactions. Furthermore, poor long-term dura-
bility caused by structural degradation or poisoning of
catalytic centers during electrochemical operations also
hinder their widespread applications.[3] Therefore, the devel-
opment of highly efficient and durable non-precious metal-
based catalysts, which are simultaneously active for ORR and
OER as bifunctional electrodes to accelerate the charge and
discharge processes, is inevitable for designing advanced

rechargeable metal–air batteries, but it remains a major
challenge.

Recent studies demonstrated that heteroatom-doped
carbon nanomaterials are promising for bifunctional oxygen
catalysts.[4] For example, a metal-free, N, P-doped carbon
prepared by pyrolysis of a phytic acid containing polyaniline
aerogel was described as bifunctional ORR/OER catalyst in
a Zn–air battery.[5] The catalyst showed a high ORR activity in
term of a half-wave-potential of 0.85 V vs. RHE. However,
the OER activity of such metal-free N, P-doped carbon
catalysts was less significant, resulting in an Egap of about
1.0 V. The Egap indicates the potential difference between
ORR half-wave-potential and OER potential at 10 mA cm@2.
To improve the OER performance, metal–Nx–carbon cata-
lysts have been widely investigated.[6] Zhang et al. reported
a graphene based Co-Nx-C catalyst, which exhibited good
ORR/OER bifunctional activities yielding an Egap of about
0.95 V.[6a] Notably, while Co-Nx-doped carbons showed
improved OER activity, this is paid-off by an inferior ORR
activity. Therefore, to achieve high-performance bifunctional
electrochemical catalysts, synergetic doping of a highly ORR-
active and OER-active structures, such as bimetal Fe, Co, Ni,
Mn, or Zn-Nx centers in one carbon catalysts has been
proposed and investigated.[7] However, even though several
metal/heteroatom-doped carbons have been reported for
reversible oxygen electrocatalysts, just few reports rationally
discussed how nanoarchitecture, such as morphology and
meso/microporosity of the carbon materials influence the
reversible oxygen catalytic activity and stability.[3a, 8]

Owing to their unique properties compared with conven-
tional porous carbon analogues, two-dimensional (2D)
porous carbon nanosheets are attracting increasing attention
for their potential application in the fields of electronics,
sensing, energy storage, and conversion,[3b, 9] especially
because the 2D morphology with additional porosity
increases the accessible surface area for the electrolyte, thus
accelerating mass and charge transfer.[3b,8b, 9a, 10] Recently,
several synthetic methods for the preparation of 2D meso-
porous carbon nanosheets have been reported, including hard
and soft templating approaches using silica nanoparticles or
amphiphilic block-co-polymers, respectively.[9b, 11] However,
a facile one-step method to produce not only 2D meso/
microporous, but also bimetal–Nx–doped carbons, which can
be applied as reversible ORR-OER catalysts, has not been
reported. This is possibly due to the lack of suitable and easily
scalable structure-directing agents to guide the assembly of
2D morphologies as well as the inner-connected bimetal–Nx

meso/microstructures.
Herein, we report the synergistic utilization of two types

of templates, an active salt and silica nanoparticles, to achieve
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the facile synthesis of 2D meso/microporous Fe/Co-Nx-doped
carbon nanosheets with excellent reversible ORR-OER
catalytic performance. In our approach, layered FeCl3·6 H2O
inorganic crystal are applied as 2D active salt template. The
term “active” salt templating is used because the salt is also
responsible for metal doping and actively involved in the
carbon nanostructure formation as it first coordinates with the
carbon precursor, dopamine hydrochloride (DA), to form
a layered organic–inorganic hybrid structure (Figure 1 a).[9a]

Subsequently, a certain amount of CoCl2·6 H2O was added to
enable Co doping. Furthermore, silica nanoparticles (Ludox
AS-40, particle size of about 22 nm) were mixed with this
paste by vigorous grinding until a homogenous mixture is
observed (Supporting Information, Figure S1). The resulting
DA–metal salt–silica nanoparticle mixtures were thermally
treated under an inert atmosphere to yield FeCo-Nx-doped
carbons with encapsulated silica nanoparticles. The residual
metal salts and silica templates were then removed by etching
and washing, then a secondary thermal treatment was applied
to yield the final products named meso/micro-FeCo-Nx-CN.
The amount of silica templates was varied to tailor the
amount of mesoporosity in the carbon nanosheets. For
comparison, carbon nanosheets without addition of silica
nanoparticles were also prepared to yield entirely micro-
porous materials (micro-FeCo-Nx-CN) (see details in the
Supporting Information, Table S1). All of the meso/micro-

FeCo-Nx-CN catalysts discussed in the following part are
synthesized with 30 wt % silica (meso/micro-FeCo-Nx-CN-
30), if not noted otherwise.

The meso/micro-FeCo-Nx-CN-30 catalysts were investi-
gated by scanning electron microscopy (SEM; Figure 1).
While micro-FeCo-Nx-CN was synthesized without silica NP
template, showing a uniform 2D nanosheet morphology
(Supporting Information, Figure S2) with smooth surface,
addition of silica template (Figure 1b,c) yield a pronounced
mesoporous structure within the nanosheets. By varying the
amount of silica template, the porosity and thickness of the
pore walls can be adjusted. The morphology of meso/micro-
FeCo-Nx-CN prepared with 20% and 40% template are
shown in the Supporting Information, Figure S3 and S4, both
exhibiting a mesoporous structure as well. When higher
amounts of silica template are applied (for example, 40 %),
abundant mesopores are still visible, but the structure seem to
be partially collapsing, which is probably due to pore-wall
thinning (Supporting Information, Figure S4). A silica
amount of 30 % thus seem to be ideal to reach high
mesoporosity and structural stability. Atomic force micros-
copy (AFM) was conducted to verify the 2D morphologies
and the thickness of the nanosheets (Supporting Information,
Figure S5). As shown in the AFM images, most of the as
prepared micro-FeCo-Nx-CN shows thickness ranged from
15.2–24.3 nm, and the meso/micro-FeCo-Nx-CN shows a thick-

Figure 1. a) Illustration of the process of active salt/silica-templated 2D meso/micro-FeCo-Nx-CN; b),c) SEM, d) TEM, and e) HAADF-STEM
images and the corresponding element mapping of C, N, Fe, and Co, and f) high-resolution HAADF-STEM images of meso/micro-FeCo-Nx-CN-30.
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ness of about 48.5 nm.
Besides the increased
thickness, the meso/micro-
FeCo-Nx-CN also shows
increased surface rough-
ness due to its mesoporous
structures.

To further identify the
morphology and element
distribution on the meso-
porous carbon nanosheets,
transmission electron mi-
croscopy (TEM), high-
angle annular dark-field
scanning transmission elec-
tron microscopy
(HAADF-STEM), high-
resolution STEM (HR-
STEM), and TEM elemen-
tal mapping were mea-
sured. The TEM image in
Figure 1d shows a thin
nanosheet with uniformly
distributed mesoporous
structures. The HAADF
TEM image (Figure 1e)
and corresponding ele-
mental mapping of C, N,
Fe, and Co reveals again
the 2D morphology and
the uniform distribution
of C, N, Fe, and Co ele-
ments within the meso/micro-FeCo-Nx-CN nanosheets, indi-
cating homogeneous doping and distribution of active centers
on the catalyst. Metal distribution within the meso/micro-
FeCo-Nx-CN were further investigated by HAADF-STEM
(Figure 1 f). Within the pore walls, very small isolated bright
dots, with diameters of 0.1–0.2 nm can be identified, which are
attributable to single- or multi-metal atom doping in the
catalyst. It was reported that this kind of single or multi-atom
doping is favorable for the formation of Metal-Nx active
centers, therefore enhancing the performance of the cata-
lyst.[12]

The porous characteristics for the materials were further
analyzed by nitrogen sorption measurements. The calculated
Brunauer–Emmett–Teller (BET) surface areas of micro-
FeCo-Nx-CN and meso/micro-FeCo-Nx-CN-20, 30, and 40
are 1025, 1120, 1168, and 1321 m2 g@1, respectively. The N2

adsorption/desorption measurements (Figure 2a) for micro-
FeCo-Nx-CN shows a type I isotherm, that is, an explicitly
microporous pore structure. For meso/micro-FeCo-Nx-CNs
the isotherms change to type IV, showing that an additional
mesoporosity was successfully introduced by the silica
template. The mesoporous surface area of micro-FeCo-Nx-
CN and meso/micro-FeCo-Nx-CN-20, 30, 40 calculated from
the t-plot are 124, 459, 652, and 832 m2 g@1 (Figure 2b). These
measurements show that addition of silica template does not
significantly change the surface area but rather increase the
fraction of meso- to micropores. The pore size distribution

was analyzed by the QSDFT model to calculate the micro-
pore size and mesopore size separately (Figure 2c). Meso/
micro-FeCo-Nx-CN-30 shows some amount of micropores
and mesopores, while for the latter a maximum pore width is
seen around 20 nm, reflecting the size of the silica nano-
particle template. In contrast to micro-FeCo-Nx-CN very
small pores in the micropore region (< 0.7 nm) have signifi-
cantly decreased, explaining the low change in overall surface
area. Also for meso/micro-FeCo-Nx-CN-20 abundant meso-
pores are visible, again with a maximum at about 20 nm pore
diameter, while for meso/micro-FeCo-Nx-CN-40 a broader
pore size distribution is observed, pointing to the partial
collapse of the mesopores structure owing to the thinning of
the pore walls (Supporting Information, Figure S6).

X-ray photoelectron spectroscopy (XPS) reveals nitrogen
contents of 5.39 and 5.10 atom% in micro-FeCo-Nx-CN and
meso/micro-FeCo-Nx-CN-30, respectively (Supporting Infor-
mation, Figure S7). The high-resolution N 1s spectra of the
catalysts show that addition of silica template did not
significantly change the chemical structure of the material,
since the ratio of different N species is similar in all FeCo-Nx-
CN catalysts. The metal content in meso/micro-FeCo-Nx-CN
is 0.52 atom% (0.40 for iron, and 0.12 for cobalt), and in
micro-FeCo-Nx-CN is 0.47 atom % (0.33 for iron, and 0.14 for
cobalt; Supporting Information, Figure S8). The high-resolu-
tion XPS spectra of Fe and Co peaks (Supporting Informa-
tion, Figure S9) was fitted into only Fe2+, Fe3+, Co2+, and Co3+

Figure 2. a) N2 adsorption/desorption isotherms, b) calculated mesoporous surface area from t-plot of the as-
prepared materials; c) pore size distribution curves calculated from the adsorption branch of the isotherms by
the QSDFT model.

Angewandte
ChemieCommunications

1858 www.angewandte.org T 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2018, 57, 1856 –1862



7.2. Active Salt/Silica-Templated 2D Mesoporous FeCo-Nx-Carbon as Bifunctional Oxygen Electrodes for 
Zinc-Air Batteries 

90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

for both samples of micro-FeCo-Nx-CN and meso/micro-
FeCo-Nx-CN, that is, no metallic Fe and Co was detected,
which is consistent with the powder X-ray diffraction (XRD)
results (Supporting Information, Figure S10), showing no sign
of any crystalline phases. This indicates that single Fe and Co
ions are dispersed in the N-doped carbon matrix, also known
as Fe-Nx and Co-Nx.

[12] The similar elemental composition
from XPS, further shows that the introduction of mesoporos-
ity did not significantly change the chemical structure and
composition of the materials.

It can be assumed that the meso/microporous structure
found in the silica templated material will be beneficial for
both gas and electrolyte diffusion during the electrochemical
reaction (Figure 3 a). Therefore, the catalytic performance of
meso/micro-FeCo-Nx-CN and micro-FeCo-Nx-CN catalysts
towards both ORR and OER were evaluated and compared
using the rotating disk electrode (RDE) technique. The
polarization curve of the meso/micro-FeCo-Nx-CN-30 cata-

lyst for ORR (Figure 3b) shows a high onset potential of
954 mV vs. RHE and half-wave potential of 886 mV vs. RHE,
which are 54 mV and 58 mV higher than for micro-FeCo-Nx-
CN. Furthermore, the limited current density for meso/micro-
FeCo-Nx-CN-30 can reach to 6.3 mAcm@2, which is much
higher than the one observed for micro-FeCo-Nx-CN
(5.3 mAcm@2) and even for a commercial Pt/C catalyst
(5.6 mAcm@2). This high limited current density seem
indeed to be a consequence of the hierarchically micro- and
mesoporous structure, which facilitates gas diffusion and mass
transfer. Indeed, also all other meso/micro-FeCo-Nx-CN
catalysts (Supporting Information, Figure S11) synthesized
with different ratio of silica template show higher onset
potential, half-wave potential, and limited current density
than micro-FeCo-Nx-CN. The OER polarization curves in
Figure 3c show that the onset of meso/micro-FeCo-Nx-CN-30
(1.60 V) is lower than for micro-FeCo-Nx-CN (1.63 V), as well
as the potential at current density of 10 mAcm@2 with 1.67 V

Figure 3. a) Illustration of ORR and OER on meso/micro-FeCo-Nx-CN. b) RDE polarization curves for micro-FeCo-Nx-CN, meso/micro-FeCo-Nx-CN,
meso/micro-Fe-Nx-CN and Pt/C catalysts for ORR. c) RDE polarization curves of micro-FeCo-Nx-CN, meso/micro-FeCo-Nx-CN, meso/micro-Fe-Nx-
CN and Pt/C catalysts for OER. d) Corresponding Tafel plot of OER activity in (c). e),f) Egap difference of micro-FeCo-Nx-CN and meso/micro-FeCo-
Nx-CN. Durability of the meso/micro-FeCo-Nx-CN catalyst g) for ORR and f) for OER. h) Comparison of Egap values for our catalysts with some
current designed state-of-art bifunctional catalysts; these catalysts are cited from elsewhere.[5–7]
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for meso/micro-FeCo-Nx-CN-30 and 1.71 V for micro-FeCo-
Nx-CN. The corresponding Tafel plot of the OER curve
(Figure 3d) reveals a low Tafel slope of 57 mV/dec for meso/
micro-FeCo-Nx-CN-30 suggesting a good kinetic process and
thus the high activity of the catalytic active sites. This
remarkable ORR and OER bifunctional activity of meso/
micro-FeCo-Nx-CN gives an exceptionally low Egap of 0.78 V
between ORR half-wave potential and OER potential at
a current density of 10 mAcm@2 (Figure 3e). Figure 3 f shows
the Egap is decreased from 0.88 V to 0.78 V owing to the
introducing of mesoporosity. Meso/micro-FeCo-Nx-CN-20
and -40 were also investigated for OER (Supporting Infor-
mation, Figure S12), which again reveal the enhanced activity
by introducing mesoporosity, except for meso/micro-FeCo-
Nx-CN-40 in which the partial structural collapse seems to
hinder fast gas diffusion.

To further reveal the influence of the different metal
species on catalytic activity a comparable material but
without Co addition (meso/micro-Fe-Nx-CN-30) was synthe-
sized and the activity for both ORR and OER were
compared. Although meso/micro-Fe-Nx-CN-30 shows almost
the same onset potential and half-wave potential for ORR as
meso/micro-FeCo-Nx-CN, a significant difference in OER
reaction is observed. The OER potential at a current density
of 10 mA cm@2 for meso/micro-Fe-Nx-CN is 1.71 V, that is,
0.04 V higher than for meso/micro-FeCo-Nx-CN. The Tafel
plot of meso/micro-Fe-Nx-CN shows a Tafel slope of 102 mV/
dec, which is again much higher than that for meso/micro-
FeCo-Nx-CN (57 mV/dec) indicating is much slower kinetic

process. It can thus be concluded that the activity of the FeCo-
Nx sites is much higher than for an Fe-Nx active site alone. The
stability of meso/micro-FeCo-Nx-CN-30 for both ORR and
OER were measured by chronoamperometry (Figure 3g) and
chronopotentiometry scans (Figure 3h). The current of ORR
after 10 hours maintained at more than 95 % of the initial
value. When keep working at a current density of 10 mAcm@2

for OER, the potential can be maintained under 1.7 V,
showing the good durability of meso/micro-FeCo-Nx-CN-30
for both ORR and OER during longtime work. The perform-
ances of some recently reported state-of-art bifunctional
catalysts are summarized and compared with meso/micro-
FeCo-Nx-30 in terms of the Egap and the catalyst loading
amounts in Figure 3h. A more detailed data comparison can
be found in the Supporting Information, Table S2. Based on
this analysis, it can be seen that the catalyst presented here
indeed shows an outstanding reversible oxygen catalytic
performance.

A rechargeable liquid Zn–air battery was assembled to
evaluate the activity of the bifunctional meso/micro-FeCo-Nx-
CN catalysts for such devices (Supporting Information,
Figure S13). A Zn foil was used as anode and catalyst-
loaded carbon cloth with a gas diffusion layer as the cathode.
0.2m Zn(OAc)2 in 6.0m aqueous KOH was used as electro-
lyte. As shown in Figure 4a, the open-circuit potential of the
Zn–air battery equipped with meso/micro-FeCo-Nx-CN is
about 1.4 V. The discharge curves and corresponding power
density of the Zn–air battery catalyzed by meso/micro-FeCo-
Nx-CN in comparison with Pt/C suggest the superior activity

Figure 4. a) Open-circuit potential of the Zn–air battery equipped with meso/micro-FeCo-Nx-CN-30 catalyst; b) cycle performance of Zn–air
batteries with meso/micro-FeCo-Nx-CN-30 and Pt/C catalysts at a current density of 5 mAcm@2 and then 10 mAcm@2 (20 mins for each cycle);
c) cycle performance of meso/micro-FeCo-Nx-CN-30 equipped battery at a current density of 20 mAcm@2 for 20 h; d) discharge curves of Zn–air
batteries with meso/micro-FeCo-Nx-CN-30 and Pt/C catalysts and the corresponding power density; e) long-term charge and discharge of the
meso/micro-FeCo-Nx-CN-30 equipped battery at 10 mAcm@2 (2 h for each cycle).
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of meso/micro-FeCo-Nx-CN. The maximum power density of
meso/micro-FeCo-Nx-CN battery is determined to be as high
as 150 mW cm@2, three times higher than the power density of
Pt/C. The rechargeability of the batteries was measured by
charge and discharge cycles under different current density
(Figure 4b,c). When the charge–discharge cycling test is
carried out at a current density of 5 mAcm@2 (Figure 4 b),
the discharge voltage of the meso/micro-FeCo-Nx-CN
equipped battery is about 1.26 V, 0.1 V higher than for a Pt/
C equipped battery (1.16 V); the charge voltage is 2.01 V, thus
even 0.5 V lower than for a Pt/C equipped battery (2.51 V).
When the cycling test is carried out for more than 40 hours,
the voltage of the meso/micro-FeCo-Nx-CN equipped battery
is still stable, while Pt/C based battery shows a voltage
decrease in the discharge process and also voltage increase
during the charge process. The performance and stability of
the meso/micro-FeCo-Nx-CN equipped battery at higher
charge–discharge current density was also detected, showing
that the battery runs stable for more than 20 hours under
20 mAcm@2 with charge–discharge voltage gap of only about
0.91 V (Figure 4c). An excellent cyclability of the battery can
be observed even at long charge–discharge periods (2 h),
indicating the high application potential in rechargeable Zn–
air battery (Figure 4d,e). The performance of our Zn–air
battery was again compared to some currently reported
results (see the Supporting Information, Table S3 for details).
The promising electrochemical performances of meso/micro-
FeCo-Nx-CN catalysts for both ORR and OER can be
attributed to several factors: 1) the nanometer thickness of
carbon sheets can efficiently enhance the transport for both
electrons and oxygen; 2) the combination of Fe and Co with
N-doping can modulate the electronic properties and surface
polarities, thus improving the activity of the catalyst; 3) the
high specific surface area and balanced microporous and
mesoporous structures make the active sites fully accessible
and improve the transport properties of ORR/OER-relevant
species.

In summary, we have developed a facile strategy to
synthesize meso/micro-FeCo-Nx-CN using metal salts and
silica nanoparticles as templates. The materials exhibit a well-
defined 2D morphology, hierarchically meso- and micro-
porous structure, homogenous dispersion of single metal
atoms or very small metal clusters, and enriched reversible
oxygen electrocatalytic sites. These structural features even-
tually yield an excellent electrocatalytic performance for both
ORR and OER, making these materials very promising as
efficient bifunctional oxygen electrode in next-generation
rechargeable liquid Zn–air batteries. This one-step synthetic
route should make a facile and scalable production of
differently designed heteroatom and metal-doped catalytic
materials possible, giving a wide adaptability to current
manufacturing processes and for a broad range of applica-
tions.
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Chemical reagents and materials: 

FeCl3· 6H2O was obtained from Arcos Organics. Dopamine hydrochloride, CoCl2· 6H2O, HCl and 

NaOH were obtained from Alfa Aesar. Unless otherwise stated, all the reagents were of analytical 

grade and were used as received. All aqueous solutions were prepared with DI water. 

Characterizations and Methods: 

SEM measurement were conducted on Hitachi SU8030. TEM measurements were conducted on a 

FEI Tecnai G²  20 S-TWIN electron microscope, STEM and EDX measurements were performed 

on a probe corrected Thermo Fisher Themis Z, both operated at 200 kV acceleration voltage.  

The high resolution HAADF-STEM measurements used an illumination semi-convergence angle 

of 31 mrad and a dose rate of approx. 457*103 e/nm2/s (total dose 10.5*106 e/nm2). The EDX 

elemental mapping were obtained with a broader electron probe and at a lower dose rate of approx. 

172 e/nm2/s (total dose 175*103 e/nm2). X-ray photoelectron spectra (XPS) were determined by 

an X-ray photoelectron spectrometer (K-alfa, Thermo Fisher Scientific). N2 sorption analysis was 

conducted on a TriStar 3020 accelerated surface area and porosimetry instrument, equipped with 

automated surface area, at 77 K using Brunauer–Emmett–Teller (BET) calculations for the surface 

area. The pore size distribution (PSD) plot was recorded from the adsorption branch of the isotherm 

based on the QSDFT model. 

 

 

Experimental section: 

Synthesis of 2D porous carbon.  

Dopamine hydrochloride, FeCl3· 6H2O, and CoCl2· 6H2O were mixed in molar ratio of 1:7:1 by 

simple grinding. The mixture powder was first yellow and then became dark green during the 
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gridding. The gridding process should continue until all the solid powders transformed into 

flowable black liquid, which means that the complexation and reaction of dopamine hydrochloride 

and FeCl3· 6H2O were completed (Figure S1). The dopamine-metal salts complex was then mixed 

with different amount (20 wt.%, 30 wt.%, and 40 wt.%) of silica powder (Ludox AS-40, with 

particle size of 22 nm) by gridding. The mixer was then transferred into Argon oven for thermal 

treatment under 700 oC for 2 h with a heating rate of 5 oC/min. The obtained black powder was 

washed consecutively with 1 M HCl and 2M NaOH to remove the metal salt and silica template, 

and was then dried in vacuum oven at 60 oC for 12 h to yield the 2D porous carbon nanomaterials. 

Also, 4M NH4HF2 can be used for the etching process showing no apparent difference in the 

structure and properties of the final materials. Before achieving the final products, some 

optimizations of the thermal treatment were carried out to avoid the formation of iron carbide. The 

precursors were first carbonized below 700 oC, and after etching away the silica template and 

removal of the extra metal compounds, a secondary thermal treatment at 800 oC was applied to 

further improve the conductivity of the carbon matrix. Using this method, the formation of iron 

carbide is not observed in our catalysts.  

Electrochemical measurements. All the electrochemical measurements were carried out in a 

conventional three-electrode cell using the Gamry reference 600 workstation (Gamry, USA) at 

room temperature. Ag/AgCl and graphite rod were used as reference and counter electrodes, 

respectively. A glassy carbon (GC) RDE electrode with an area of 0.196 cm2 served as the substrate 

for the working electrode for evaluating the ORR and OER activity of various catalysts. The 

electrochemical experiments were conducted in O2 saturated 0.1 M KOH electrolyte for the ORR, 

and N2 saturated 1 M KOH electrolyte for OER. The RDE measurements were conducted at a 

rotating speed of 1600 rpm with a sweep rate of 10 mV/s. To estimate the double layer capacitance, 
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the electrolyte was deaerated by bubbling with argon, and then the voltammogram was evaluated 

again in the deaerated electrolyte. 

The catalyst ink was prepared by blending the catalyst powder (10 mg) with 100 μL Nafion 

solution (5 wt %) and 900 μL ethanol in an ultrasonic bath. 2 μL of catalyst ink was then pipetted 

onto the GC surface, leading to a catalyst loading of 0.1mg/cm2. Commercial 20 wt % platinum 

on Vulcan carbon black (Pt/C) was measured for comparison. The working electrode was prepared 

as follows, 5 mg Pt/C was dispersed in 1 mL Nafion solution (0.25 wt %) by sonication for 1 h to 

obtain a well-dispersed ink. 4 μL of catalyst ink was then pipetted onto the GC surface, leading to 

a Pt/C loading of 0.1 mg/cm2.  

The onset potential and half-wave-potential E1/2 values of all catalysts were determined when the 

current density reached 10% and 50% of the limited current density of each catalyst, respectively. 

Zn-air batteries were tested in homemade electrochemical cells, where catalysts loaded on a carbon 

cloth with gas diffusion layer (catalysts loading 2 mg/cm2 for meso/micro-FeCo-Nx-CN-30 

catalysts and 1 mg/cm2 for Pt/C) as the air cathode and zinc foil as the anode in 6.0 M KOH 

(contain 0.2M ZnAc2). Measurements were carried out on the as-constructed cell at room 

temperature with a Charge-discharge device from Wuhan Land. 

 

Figure S1. Schematic illustration of synthetic procedure. 
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Table S1. The ratio of silica template and the ink for different samples. 

Sample name Silica (Nudox AS-40) ink weight 

micro-FeCo-Nx-CN 0g 10g 

Meso/micro-FeCo-Nx-CN-20 2g 8g 

Meso/micro-FeCo-Nx-CN-30 3g 7g 

Meso/micro-FeCo-Nx-CN-40 4g 6g 

 

 

Figure S2. SEM and TEM images of the 2D microporous nanosheet without silica template 

(micro-FeCo-Nx-CN). 
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Figure S3. a) Schematic illustration of different assembly ways for different silica ratios to the 

precursors; SEM images of the meso/micro-FeCo-Nx-CN with b and c) 20% silica templates, d 

and e) 30% silica template; f and g) 40% silica templates. 

 

Figure S4. TEM images for the meso/micro-FeCo-Nx-CN with a and d) 20% silica templates, b 

and e) 30% silica template; c and f) 40% silica templates. 
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Figure S5. AFM images of as prepared a) micro-FeCo-Nx-CN and b) meso/micro-FeCo-Nx-CN. 

 

 

  

Figure S6. a) N2 adsorption/desorption isotherms, b) pore size distribution curves calculated from 

the adsorption branch of the isotherms by QSDFT model. 
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Figure S7. High resolution XPS N1s analysis of a) micro-FeCo-Nx-CN and meso/micro-FeCo

Nx-CN with b) 20% silica templates, c) 30% silica template; and d) 40% silica templates. 

Figure S8.  Metal and nitrogen content ratios obtained from XPS. Figure S8.  Metal and nitrogen content ratios obtained from XPS. 
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Figure S9. XPS peaks of Fe and Co in a, b) micro-FeCo-Nx-CN and c, d) meso/micro-FeCo-Nx-CN. 
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Figure S10. XRD patterns of the micro-FeCo-Nx-CN and meso/micro-FeCo-Nx-CN catalysts. 
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Figure S11.  RDE polarization curves of the as prepared micro-FeCo-Nx-CN and meso/micro-

FeCo-Nx-CN catalysts with different ratios of silica templates to compare the ORR catalytic 

activities. 

Figure S12.  RDE polarization curves of the as prepared micro-FeCo-Nx-CN and meso/micro-

FeCo-Nx-CN catalysts with different ratios of silica templates to compare the OER catalytic 

activities . 
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Figure S13. Schematic illustration of the structure of the home-made Zn-air battery. 

 

Table S2. Summary of recently reported catalytic performances of different porous carbon based 
bifunctional oxygen electrodes under alkaline conditions, especially the Egap values. Egap indicates 
the potential difference between ORR half-wave-potential and OER potential at 10 mA/cm2. 
 

Catalysts Catalyst 
loading 
(mg cm-2) 

ORR 
Half-
wave 
potential 
(V vs. 
RHE) 

OER 
potential 
at 10 
mA/cm2 
(V vs. 
RHE) 

Egap 
values 

Reference 

Pt/C  0.100 0.832 >2.000 >1.168 This work 

Meso/micro-FeCo-

Nx-CN-30 

0.100 0.886 1.67 0.784 This work 

Micro-FeCo-Nx-CN 0.100 0.832 1.71 0.878 This work 
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N, P-doped carbon 0.15  0.85 1.85 ~1.0 Nat. Nanotechnol. 

2015, 10, 444 

Co-Nx-C graphene 0.05 ~0.800 1.75 0.95 Adv. Mater. 2017, 

29, 1703185 

Ni/Co-NPs N-doped 

CNT 

0.50 ~0.84 ~1.65 0.81 Adv. Mater. 2017, 

1701410. 

GN-nanoribbon 

networks 

0.600 0.840 1.66 0.820 Sci. Adv. 2016, 2, 

e1501122. 

Co@Co3O4/NC 0.210 0.80 1.65 0.850 Angew. Chem. Int. 

Ed. 2016, 55, 4087 

Co9S8/NSPC8-45 

Co9S8/NSPC9-45 

0.249 

0.249 

0.74 

0.79 

1.57 

1.54 

0.83 

0.75 

NPG Asia Mater. 

2016, 8, e308 

Cu@NCNT/CoxOy

  

0.204 0.82 1.60 0.78 Adv. Funct. Mater. 

2017, 27, 1605717 

Co-N carbon 

nanocage 

0.400 0.82 1.64 0.82 Adv. Mater. 2017, 

29, 1700874 

Egg-like carbon 

microsphere 

0.136 0.69 ~1.53 0.84 Adv. Energy Mater. 

2016, 6, 1600794 

FeCo NPs doped 

carbon 

0.200 0.92 1.73 0.81 Adv. Energy Mater. 

2017, 7, 1602420 

NiCo/PFC aerogels

  

0.13 0.76 1.62 0.86 Nano Lett. 2016, 16, 

6516 

Fe@N-C  0.318 0.84 1.70 0.86 Nano Energy 2015, 

13, 387 

Fe-N-C   1.000 0.84 1.60 0.76 Science 2009, 324, 

71 

ZIF derived carbon 
frameworks  

0.200 0.84 1.60 0.76 Nat. Energy 2016, 1, 

15006 

Nano-sized 

perovskite particles 

0.639 0.66 1.60 0.94 Energy Environ. Sci. 

2016, 9, 176 
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CoxMn3−xO4

 carbon 

nanocomposites 

0.18 0.68 1.78 1.10 Nat. Commun. 2015, 

6, 7345. 

LaNi0.75Fe0.25O3/NC 0.051 0.670 1.68 1.010 Chem. Mater., 2014, 

26, 3368-3376 

NixCoyO4/Co-NG 0.200 0.796 1.63 0.833 J. Mater. Chem. A, 

2017, 5, 5594-5600 

N-graphene/CNT 0.250 ~0.70 1.63 0.930 Small, 2014, 10, 

2251-2259 

CoO/N-doped 

graphene 

0.714 0.81 1.57 0.76 Energy Environ. Sci. 

2014, 7, 609-616 

MnxOy/N-doped 

carbon 

0.210 0.81 1.68 0.87 Angew. Chem. Int. 

Ed. 2014, 53, 8508-

8512. 

p-C3N4 ~0.20 0.67 1.63 0.96 Angew. Chem. Int. 

Ed. 2015, 54, 4646-

4650. 

NiO/CoN Porous 

NW 

0.200 0.68 1.53 ~0.85 ACS Nano, 2017, 11, 

2275 

Ni3Fe-N Doped 

Carbon 

0.13 0.79 1.63 0.84 Adv. Energy Mater. 

2016, 1601172 

 

 

 

Table S3. The performance of electrically rechargeable Zn-air batteries powered by the 
bifunctional electrocatalysts designed in this study and some other literatures.   

Catalysts Loading 
amount 

(mg.cm-2) 

Electrol
yte 

Peak power 
density 

(mW. cm-2) 

Charge/discha
rge voltage 

gap (V) 

Battery 
stability 

Ref. 

Pt/carbon 1 6.0 M 
KOH + 
0.2 M 

Zn(Ac)2 

50 >1.5@10 20 min/cycle, 
gap increased 
apparently 

This work 
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Meso/mi
cro-
FeCo-Nx-
30 

2 6.0 M 
KOH + 
0.2 M 

Zn(Ac)2 

150 0.80@10 2h/cycle for 
40h, negligible 
change 

This work 

       
N-
CNT/Co
O-NiO-
NiCo  0.53 

6.0 M 
KOH + 
0.2 M 
ZnCl2 102 0.86@20 

10 
min/cycle 
for 100 
cycles, 
negligible 
change 

Angew. 
Chem. 
Int. Ed. 

2015, 54, 
9654. 

Ag-Cu on 
Ni foam  0.8 

6.0 M 
KOH + 
0.2 M 
ZnCl2 86 0.96@20 

20 
min/cycle 
for 100 
cycles, 
negligible 
change 

Electrochi
m. Acta 
2015, 

158, 437. 

N-doped 
graphene 
nanoribb
on 
networks 

0.5 

6.0 M 
KOH + 
0.2 M 
ZnCl2 

65 0.86~1.06@2 

60 
min/cycl
e for 160 
cycles, 
voltage 
gap 
increase
d ~0.16 
V 

Sci. Adv. 
2016, 2. 

e1501122
. 

Co(OH)2
+N  1 6.0 M 

KOH 36 1.29@15 

 
40 
min/cycle 
for 75 
cycles, 
voltage gap 
increased 
~0.2 V 

ACS 
Appl. 
Mater. 

Interfaces 
2015, 7, 
12930. 

Co3O4 on 
carbon 
nanofiber 
mat  

~1 

6.0 M 
KOH + 
0.2 M 
ZnCl2 

125 0.85@20 

 
60 min/cycle 
for 55 cycles, 
negligible 
change 

Nanoscal
e 2015, 7, 

1830. 

Co3O4  

nanowire
s/stainles
s steel  

1.5 6.0 M 
KOH 40 1.16@50 

10 
min/cycl
e for 100 
cycles, 
voltage 
gap 

Adv. 
Energy 
Mater. 

2014, 4, 
1301389. 
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increase
d ~0.1 V 

Fe/N-
Carbon  2.2 

6.0 M 
KOH + 
0.2 M 
Zn(Ac)2 

220 0.88@10 

10 
min/cycl
e for 100 
cycles, 
voltage 
gap 
increase
d ~0.16 
V 

Nano 
Energy 

2015, 13, 
387. 

Atomic 
Co–Nx–

doped 
graphen
e 

0.5 

6.0 M 
KOH + 
0.2 M 
ZnCl2 

152 ~1.00@2 

20 
min/cycle 
for 180 
cycles, 
voltage gap 
increased 
~0.12 V 

Adv. 
Mater. 

2017, 29, 
1703185 

CoO/N-
CNT+Ni
Fe LDH  

1 

6.0 M 
KOH + 
0.2 M 
Zn(Ac)2 

265 ~0.70@20 

20 h/cycle for 
10 cycles, no 
significant 
voltage change 

Nat. 
Commun. 
2013, 4, 

1805 
Mesopor
ous 
carbon 
foam co-
doped 
with N 
and P 

0.5 6.0 M 
KOH 55 1.75@2 

10 
min/cycle 
for 180 
cycles, 
voltage gap 
increased 
~0.7 V 

Nat. 
Nanotech
nol. 2015, 
10, 444. 
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The generation of hydrogen through water electrolysis is considered as a 
sustainable approach for future fuel production. Molybdenum (Mo)-based 
compounds are reported as highly active and inexpensive alternatives to 
platinum-based electrocatalysts for the hydrogen evolution reaction (HER). 
Currently, the major challenge for Mo-based HER electrocatalysts lies in 
establishing new concepts of micro-/nanostructure design to enhance 
the hydrogen evolution kinetics and realizing facile, large-scale, and green 
fabrication processes. Here, a fast, scalable, and eco-friendly metal-organic 
coordination precursor–assisted strategy is reported for synthesizing novel 
hierarchically mesoporous Mo-based carbon electrocatalysts for efficient 
hydrogen production. Benefiting from homogeneously distributed Mo-based 
nanocrystallites/heterojunctions and uniform mesopores, the Mo-based 
mesoporous electrocatalyst shows high hydrogen evolution activity and 
stability with a low overpotential of 222 mV at 100 mA cm−2 (Pt/C: 263 mV), 
ranging among the best non-noble metal HER catalysts in alkaline condition. 
Overall, the discovery of using dopamine–molybdate coordination precursor 
with silica nanoparticles will not only create a new pathway for controllable 
synthesis of diverse kinds of micro-/nanostructured Mo-based catalysts, 
but also take a step toward the fast and scale-up production of advanced 
mesoporous carbon electrodes for a broad range of applications.
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fuels.[1] Electrocatalytic reduction of water 
to molecular hydrogen via the hydrogen 
evolution reaction (HER) provides a prom-
ising solution for hydrogen production 
with high purity and has been considered 
as a cost-effective, scalable, and sustainable 
technique.[2,3] To overcome the high over-
potentials of water electrolysis, an efficient 
HER catalyst is required. Although noble 
metals and their derivatives (Pt and Pt–
carbon) are the most active catalysts to facili-
tate the HER half-reaction of water splitting, 
the high cost greatly impedes their com-
mercial utilization in scalable hydrogen pro-
duction.[4,5] Therefore, exploring alternatives 
to noble metal catalyst is the key task in the 
future development of successful hydrogen 
economy. Transition metal compounds (e.g., 
Fe-, Co-, Ni-, Mo-, and W-based sulfides,[6,7] 
nitrides,[8] carbides,[9–11] phosphides,[12,13] 
and borides[14,15]) show promising 
activities according to recent reports.[16,17] 
Nevertheless, currently designed transition 
metal catalysts mainly show high activity for 
HER in acidic media.[15,18–23]

For practical applications, a water elec-
trolysis device requires to operate the oxygen evolution reac-
tion (OER) and HER in the same medium.[24,25] However, 
most of the reported OER catalysts work efficiently just in alka-
line condition, which shows that conventional HER catalysts 

Hydrogen Evolution Reaction Catalysts

S. Li, Dr. P. Pachfule, Prof. A. Thomas
Functional Materials
Department of Chemistry
Technische Universität Berlin
Hardenbergstraße 40, 10623 Berlin, Germany
E-mail: arne.thomas@tu-berlin.de
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Takustrasse 3, 14195 Berlin, Germany

The ORCID identification number(s) for the author(s) of this article 
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1. Introduction

Hydrogen gas, a clean and sustainable energy source, has become 
one of the most promising alternatives for replacing fossil 

Adv. Funct. Mater. 2019, 29, 1807419
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are technologically and commercially limited due to lack of 
efficient and affordable counter electrodes.[26–28] Hence, devel-
oping HER catalysts with high activity in alkaline medium 
toward water electrolysis is of high importance.[3,27] Among 
the current non-noble metal catalysts working efficiently in 
alkaline media, molybdenum (Mo)-based compounds, such 
as MoCx,[9,29–32] MoNx,[8,33] and MoPx,[34,35] have shown prom-
ising catalytic activity and stability. To further enhance the HER 
activity of these Mo-based materials, it is desired to synergisti-
cally increase the intrinsic activity and stability of Mo catalytic 
sites (e.g. by tuning the chemical structure and control the 
size of Mo-based nanocrystallites via tailoring the precursors) 
and increase the number of exposed active sites and improve 
the mass transfer property (e.g. by the design of hierarchically 
porous structures).[31,36–38]

In recent years, metal-organic coordination materials, 
such as metal-organic frameworks (MOFs),[22,36,39–41] metal-
coordinated covalent organic frameworks,[42,43] metal- phenolic 
networks,[44,45] and other materials,[46–48] have attracted 
increasing interest for the synthesis of carbon-based metal 
catalysts owing to their highly dispersed metal ions, and tailor-
able morphologies.[40,48,49] Specifically, MOF-derived Mo-based 
HER carbon catalysts have been reported by utilizing MOFs as 
both the precursor and template. Thus, very small and homo-
geneous Mo-based nanocrystallites have been obtained via 
confined carbonization and MoCx crystal growth in MOFs.[36] 
Although the family of MOFs has covered a wide range of 
organic ligands and metal species,[50] MOF synthetic strategies 
can be relatively complex, costly, or time-consuming; notably, 
these fabrication processes are also mainly based on organic 
solvents.[40,41,50] Furthermore, the incorporation of template 
nanoparticles to generate mesoporous structures in MOF 
is often difficult.[37] Consequently, a fast, scalable, and eco-
friendly synthesis of highly active Mo-based electrocatalysts for 
HER via metal-organic molecular coordination precursors is 
still a challenging task.

2. Results and Discussion

Inspired by the recent reports on metal–catechol coordina-
tion precursors,[44,45,49] we developed a novel metal-organic 
coordination precursor–assisted synthesis of mesoporous Mo-
based carbon electrocatalysts (denoted as mC-Mo) that con-
sist of homogeneously distributed Mo-based nanocrystallites/
heterojunctions for efficient hydrogen production, as shown 
schematically in Figure 1a. Distinct from previous studies on 
Mo-based precursors via MOF precursors, the present synthetic 
strategy relies on a fast and tunable aqueous self-assembly  
process from dopamine (DA) hydrochloride and sodium molyb-
date (Figure S1a, Supporting Information), as has been reported 
for the reaction of catechol with MoO4

2−.[51] Silica nanoparticles 
(22 nm), can be facilely incorporated into the self-assembled 
microspheres. In a typical synthesis, dropwise addition of 
sodium molybdate solution into a DA/silica dispersion under 
acidic conditions yields an orange metal-organic precipitate 
within a few minutes (Figure 1b); the whole reaction is com-
pleted within 1 h, which demonstrates that our protocol enables 
a fast, and eco-friendly production of HER catalysts. Here, it 

should be noted that the silica nanoparticles not only play a role 
as templates but also serve as dispersants reagent to stabilize 
the formed microspheres, thus guaranteeing the homogeneous 
assembly of isolated DA–Mo–silica microspheres (Figure 1c).

The formed organic–inorganic microspheres were collected 
by centrifugation and washed with water/ethanol for three 
times, dried, and carbonized under argon atmosphere at dif-
ferent temperatures (750, 850, and 950 °C) for 2 h (Figure 1d). 
Finally, after etching the silica templates, the corresponding 
samples are denoted as mC-Mo-750, mC-Mo-850, and 
mC-Mo-950, respectively (Figure S2, Supporting Information). 
For comparison, the same synthetic approach has been car-
ried out without the addition of silica colloid, yielding a sample 
named C-Mo-850 (Figure S1, Supporting Information). The 
atomically dispersed Mo ions within the precursor guarantee 
the confined growth of small Mo-based nanocrystallites.[36] Fur-
thermore, by tuning the pH values (Figures S3–S7, Supporting 
Information), reaction concentrations (Figures S8–10, 
Supporting Information), and DA–Mo ratios (Figures S11–S13, 
Supporting Information), the microsphere sizes, and morphol-
ogies of DA–Mo–silica can be facilely controlled, thus leading 
to tailorable surface morphologies, porous structures, crystal-
linities of Mo-based nanoparticles, and HER catalytic activities 
in alkaline medium. In the following section, we will mainly 
discuss the morphology, chemical structure, and HER catalytic 
activity of an optimized Mo-based mesoporous electrocatalyst 
(prepared from mL HCl, 150 mL total reaction solution, and 
1–2 (DA–Mo) mole ratio); the characterization and perfor-
mance of the other samples are presented in the Supporting 
Information.

First, the morphology of the DA–Mo–silica precursor 
was investigated by scanning electron microscopy (SEM). 
The SEM images show uniform microspherical structures 
(Figure 1c). High-resolution SEM images show abundant 
DA–Mo–silica nanoparticles on the microspheres’ surface. 
After carbonization, the spherical morphology and embedded 
silica nanoparticles is well maintained (Figure 1d). After  
removal of the silica template (Figure 1e), the obtained 
mC-Mo-850 maintains a uniform spherical morphology with 
a diameter of around 2.2 µm. As shown in Figure 1f, a rough 
and porous surface with abundant thin carbon layers can be 
observed. Furthermore, uniform and interconnected mesopores 
with a diameter of ≈25 nm both on the surface and internal 
structure of the carbon spheres can be spotted reflecting the size 
of the silica nanoparticle template (Figure 1g and Figure S14a, 
Supporting Information). The control sample, C-Mo-850, shows 
aggregated and irregular microspherical structures with a broad 
size range between 1–2 µm (Figure S1c–h, Supporting Infor-
mation); furthermore, there is no visible mesoporous structure. 
The morphologies of the catalysts pyrolyzed at different tem-
peratures (mC-Mo-750 and mC-Mo-950) were also investigated 
by SEM (Figure S2, Supporting Information), showing similar 
spherical and mesoporous structures.

N2 adsorption/desorption measurements were carried out to 
further understand the porous characteristics of mC-Mo-750, 
mC-Mo-850, mC-Mo-950, and C-Mo-850 (Figure 2a). 
mC-Mo-750, mC-Mo-850, and mC-Mo-950 show type IV iso-
therms, indicating that a mesoporous structure has been suc-
cessfully introduced by the silica templates.[46] In contrast, 

Adv. Funct. Mater. 2019, 29, 1807419
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C-Mo-850, prepared without silica templates, shows a type I 
isotherm indicating an exclusively microporous pore structure. 
The pore size distribution (PSD) curves (Figure 2b) show uni-
form mesopores with an average size of ≈25 nm for mC-Mo-
750, mC-Mo-850, and mC-Mo-950, while only very small 
pores in the micropore region (<0.8 nm) can be detected for 
C-Mo-850. Notably, all materials show big stacking pores larger 
than 50 nm, which is observed in the isotherms by an increased 
adsorption at high relative pressures. The calculated Brunauer–
Emmett–Teller (BET) surface areas increased from 251 m2 g−1 
(for nonmesoporous C-Mo-850) to 304, 496, and 616 m2 g−1 
(for mC-Mo-750, mC-Mo-850, and mC-Mo-950, respectively). 
The microporous surface areas and external surface areas of 
the materials are also calculated based on the t-plot method 
and analyzed in Table 1. The external surface areas for the 
mesoporous materials are much higher than those for the 
nonmesoporous materials (C-Mo-850) and the pore volumes 
increase up to five times.

Powder X-ray diffraction (XRD) was measured to further 
investigate the structures and compositions of the samples 
obtained from different pyrolysis temperatures. All samples 
show characteristic peaks that can be indexed to Mo2N and 
Mo2C, respectively, as shown in Figure 2c and Figure S1b 
in the Supporting Information. Notably, mC-Mo-850  
exhibits the strongest intensities for these characteristic peaks, 
which indicates that the optimum temperature is 850 °C for the 

formation of both Mo2C and Mo2N structures. To gain further 
insight into the chemical structure and element ratios of these 
catalysts, X-ray photoelectron spectroscopy (XPS) was carried 
out (Figure 2d). The overall element contents were calculated 
based on XPS data; as shown in Figure 2e and Table S1 in the 
Supporting Information, the Mo content for mC-Mo decrease 
gradually from 2.69 to 2.04 and 1.86 at.% when the tempera-
tures increase from 750 to 850 and 950 °C, in accordance to 
the results obtained from thermogravimetric analysis (TGA) 
measurements (Figure S15, Supporting Information) and indi-
cates the homogeneous distribution of Mo compounds in the 
mesoporous carbon sphere. The decreased Mo content is sug-
gested to be caused by the gradual decomposition and recon-
figuration of molybdenum oxide (formed below 600 °C) in the 
carbon matrix when forming Mo2C and Mo2N; the slight loss of 
Mo is normally inevitable during carbonization as reported.[39] 
Furthermore, the calculated N content of the mC-Mo-750, 
mC-Mo-850, and mC-Mo-950 are 7.83, 4.89, and 5.56 at.%, 
respectively.

High-resolution XPS scans of Mo and N were conducted for 
mC-Mo-750, mC-Mo-850, mC-Mo-950, and C-Mo-850, as well 
as the DA–Mo precursor to investigate the structural changes 
of Mo and N species after treatment at different temperatures 
(Figure 2f; Figure S16 and Tables S1–S3, Supporting Informa-
tion). The Mo 3d peak of the DA–Mo precursor (Figure S16, 
Supporting Information) can be deconvoluted to binding 

Adv. Funct. Mater. 2019, 29, 1807419

Figure 1. a) Scheme of the synthetic strategy for Mo2C/Mo2N-coupled mesoporous carbon spheres. b) Photographs of the reaction solution at  
different timescales; the dropwise addition of sodium molybdate solution is finished after 10 min. SEM images of c) the DA–Mo–silica precursor and 
d) DA–Mo–silica precursor after carbonization at different magnifications. e–g) SEM images of mC-Mo-850 at different magnifications.
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energies of 235.6 and 232.5 eV for Mo 3d3/2 and Mo 3d5/2, 
respectively, which can be assigned to Mo6+. The additional 
doublet peak at 229.2 and 232.3 eV can be found in all car-
bonized samples, which is assigned to Mo4+. The formation 
of Mo2C and Mo2N can be confirmed via the emerged peaks 
of Moδ+ at binding energies of 228.4 and 235.8 eV. Compared 
with mC-Mo-750 and mC-Mo-950, mC-Mo-850 exhibits the 
strongest Moδ+ peak intensity, as shown in Figure 2f, indicating 
that mC-Mo-850 has the highest contents of Mo2C and Mo2N  
species, which will probably benefit its catalytic performance. 
The N 1s peak can be fitted into five main peaks at 396–396.5, 
398.3–398.7, 399.3–399.7, 400.9–401.1, and 403–403.6 eV, which 
correspond to the structures of N–Mo, pyridinic N, pyrrolic N,  
graphitic N, and oxidized N, respectively (Figure 2g). Note 
that the Mo 3p peak and the N 1s peak overlap at 394.3–
394.6 eV due to the close binding energies of these atomic 
orbitals.[29,39,52,53] Furthermore, it is found that the fraction of 
pyrrolic N decreases and graphitic N increases when increasing 

the carbonization temperatures, similar to the trends observed 
in many other carbon catalysts.[29,49] Notably, the mC-Mo-850 
composite shows the highest N–Mo peak intensity.

The mC-Mo materials were further investigated by trans-
mission electron microscopy (TEM; Figures S2 and S17,  
Supporting Information) and high-angle annular dark-field  
scanning transmission electron microscopy (HAADF-STEM)  
(Figure 3). As shown in Figure 3a,b, mC-Mo-850 exhibits a 
uniform spherical morphology with a mesoporous structure. 
As shown in the high-resolution HAADF-STEM images in 
Figure 3c, thin carbon sheets are observed on the surface of 
mC-Mo-850 as also revealed by the SEM image in Figure 1f. 
It is furthermore seen that there are abundant homogene-
ously distributed small and bright nanoparticles (highlighted 
by yellow circles) throughout these carbon sheets. Due to the 
much higher electron density of Mo atoms when compared to 
N and C atoms, crystallized Mo nanoparticles usually display 
higher Z-contrast. These Mo-based nanocrystallites can also 

be detected from the TEM images, as shown 
in Figure S17a–c in the Supporting Infor-
mation, with a size range from about 1 nm 
(major) to 10 nm (minor). All the above data 
indicate the exclusive formation of small Mo-
based nanocrystallites.[29,36,37]

To elucidate the crystal structures of these 
Mo-based nanocrystallites, high-resolution 
TEM (HR-TEM) measurements have been 
performed. As shown in Figure 3d, there are 
two types of Mo-based crystalline nanoparti-
cles, Mo2C and Mo2N, which homogeneously 
distribute over the carbon matrix. The small 

Adv. Funct. Mater. 2019, 29, 1807419

Table 1. Surface area, pore volume, and the calculated microporous surface areas and 
external surface areas of C-Mo-catalysts prepared in this study.

Sample BET surface area 
[m2 g−1]

Microsurface areaa) 
[m2 g−1]

External surface areaa) 
[m2 g−1]

Total pore volumeb) 
[cm3 g−1]

C-Mo-850 251 223 28 0.22

mC-Mo-750 304 141 163 0.70

mC-Mo-850 496 310 186 0.89

mC-Mo-950 616 379 237 1.09

a)The microporous surface area and external surface area were calculated using the t-plot method with P/P0 
from 0.4 to 0.6; b)The total pore volume was calculated from the adsorbed volume at P/P0 ≈ 0.995.

Figure 2. a) N2 adsorption/desorption isotherms. b) Pore size distribution calculated from the adsorption branch of the isotherms by the QSDFT 
model for spherical pore type. c) XRD patterns of the mesoporous carbon materials. d) XPS survey curves and e) corresponding element contents of 
all samples. High-resolution XPS peak for f) Mo species and g) N species for mC-Mo-750, mC-Mo-850, and mC-Mo-950.
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particles with a lattice distance of about 0.228 nm, matching 
the (101) face of Mo2C, are assigned to Mo2C nanocrystallites. 
Another type of small particles with a lattice distance of about 
0.248 nm that matches the (111) face of Mo2N nanocrystallites 
has also been detected, which is consistent with the Mo–N 
peaks in XPS spectra (Figure 2g). The observed small sizes of 
the Mo2C and Mo2N nanoparticles in HR-TEM also explain 
the weak peaks in the corresponding XRD patterns (Figure 2c). 
The selected area electron diffraction patterns of mC-Mo-850 
(Figure S17d,e in the Supporting Information) further confirm 
the coexistence of Mo2C (purple rings corresponding to (100), 
(101), (102), (110), and (112) planes) and Mo2N (green rings 
corresponding to (111), (200), (220), and (311) planes) crystal-
line structures.

Notably, in the boundary regions of Mo2C and Mo2N, a 
large number of small overlapping crystals of Mo2C/Mo2N 
can be observed, as shown in Figure 3e and Figure S17f–h 
in the Supporting Information, thus suggesting the in situ 
formation of Mo2C/Mo2N heterojunctions in the catalysts.[37] 
The formation of Mo-based heterojunctions in the mesoporous 

carbon catalyst is notable since no additional ammonia or other 
chemical reagents are introduced and may therefore result 
from the confined growth of Mo2C/Mo2N nanoparticles within 
the coordination matrix during the carbonization reaction. 
Such Mo-based heterojunctions have been demonstrated to 
exhibit synergistic effects and thus to play an important role for 
improving HER performances via both theoretical calculation 
and experimental results.[35,37,54,55] Furthermore, the HAADF-
STEM image (Figure 3f) and corresponding elemental mapping 
of C, N, and Mo (Figure 3g) reveal that the Mo and N are homo-
geneously distributed within the carbon layers.

To assess the HER electrocatalytic activity in alkaline media, 
the mesoporous catalysts, control samples, and commer-
cial state-of-the-art Pt/C catalyst were evaluated for HER in 
1 m KOH solutions with a mass loading of 0.38 mg cm−2 on a 
glassy carbon (GC) disk electrode. The activities of all catalysts 
were evaluated by polarization curves and corresponding Tafel 
plots. As illustrated in Figure 4a, except the non-mesoporous 
C-Mo-850 catalyst that shows high overpotential of 262 mV to 
reach the current density of 10 mA cm−2 (j10), all the mesoporous 

Adv. Funct. Mater. 2019, 29, 1807419

Figure 3. a–c) HAADF-STEM images of mC-Mo-850 (the inset in part (a) shows the normal TEM image). d,e) HR-TEM image of mC-Mo-850. 
Red circles and blue lines indicate the distribution of the Mo2C and Mo2N nanoparticles in the carbon matrix. The characteristic interplanar spacings 
of these nanoparticles are also marked (scheme images represent the observed single Mo2C nanocrystallites, Mo2N nanocrystallites, and Mo2C/Mo2N 
heterojunction nanoparticles embedded in N-doped porous carbon matrix). f,g) Selected area HAADF-STEM image and corresponding elemental 
mapping images for C, N, and Mo.



7.3 Metal-Organic Precursor–Derived Mesoporous Carbon Spheres with Homogeneously Distributed Molybdenum 
Carbide/Nitride Nanoparticles for Efficient Hydrogen Evolution in Alkaline Media 

118 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

www.afm-journal.dewww.advancedsciencenews.com

1807419 (6 of 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

catalysts (mC-Mo-750, mC-Mo-850, and mC-Mo-950) show  
much improved HER activities with lower overpotentials of 
145, 173, and 188 mV, respectively, at j10, indicating that the 
mesoporous structure decreases the reaction kinetic barrier for 
HER. The mC-Mo-850 catalyst outperforms Pt/C at an overpo-
tential of 210 mV with rapidly rising cathodic current, which 
further confirms that the optimized carbonization temperature 
is 850 °C. These significantly improved performances at cur-
rent density can be attributed to the enhanced mass transfer 
properties, thus confirming the important role of mesoporous 
structures for HER.[48]

The exchange current density (j0, reflecting the intrinsic 
HER catalytic activity) of 0.0514 mA cm−2 for mC-Mo-850 is 
much higher than those of the non-mesoporous C-Mo-850 
(0.0099 mA cm−2) and also the other mesoporous catalysts (mC-
Mo-750 (0.0224 mA cm−2) and mC-Mo-950 (0.0124 mA cm−2)),  
which demonstrates its excellent intrinsic HER activity 
(Figure S18, Supporting Information). The corresponding plots 
indicate that mC-Mo-850 presents smaller Tafel slopes of 55 mV 
per decade than C-Mo-850 (98 mV per decade) (Figure 4b) thus 
verify its efficient kinetics of H2 evolution. In addition, the 
Tafel slope of mC-Mo-850 (55 mV per decade) is also smaller 

than those of mC-Mo-750 and mC-Mo-950 (58 and 62 mV per 
decade, respectively). Furthermore, the overpotentials of the pre-
pared catalysts at j10 and j100 have been compared with recently 
reported high-performance HER catalysts (Figure 4c; Tables S4  
and S5, Supporting Information); it can be observed that 
mC-Mo-850 exhibits remarkable low overpotentials at both low 
and high current densities among these catalysts.

The electrochemical double-layer capacitances have been 
measured by cyclic voltammetry at different scan rates, as 
shown in Figures S19 and S20 in the Supporting Information. 
The calculated electrochemically active surface area (ECSA) of 
mC-Mo-850 is four times higher than of C-Mo-850. Overall, 
the changes of electrochemically active surface area of these 
catalysts show a similar trend to the N2 sorption analysis. 
These results also indicate that the mesoporous structure can 
improve the active electrocatalytic areas and generate more 
active sites exposed to the electrolyte. To gain further insight 
into the HER kinetics, the electrochemical impedance spectra 
(Figure 4d,e) were analyzed to show charge transfer resistances 
at the overpotential of 140 mV. The Bode plot shows clearly 
different relaxation constants for the different catalysts, while 
mC-Mo-850 exhibit much lower charge transfer resistance than 

Adv. Funct. Mater. 2019, 29, 1807419

Figure 4. a) Polarization curves and b) Tafel plots of mC-Mo-750, mC-Mo-850, mC-Mo-950, and Pt/C-Alfa. c) The overpotentials to reach different 
current densities of mC-Mo-850, C-Mo-850, and some other reported transition metal–based HER catalysts.[6,36,37,55,56] d) Nyquist plots and 
e) Bode plots showing the responses of the catalyst-modified glassy carbon electrodes at potential of −0.140 V in 1 m KOH. f) Polarization curves of 
mC-Mo-850 catalyst and control samples containing pure Mo2C or MoN phases. g) Longtime stability of the mC-Mo-850 and Pt/C catalyst working at 
current densities of 10, 50, and 100 mA cm−2, and the inset image shows the polarization curves of mC-Mo-850 catalyst before and after stability tests. 
h) Turnover frequency assuming all Mo atoms are involved versus overpotential, and the recently reported results on MoCx,[36]γ-Mo2N,[8] and CoP/CC.[12]
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the other materials, thus validating its higher reaction activity 
and improved kinetics. The polarization curves of mC-Mo-850 
and Pt/C catalysts with and without IR correction are com-
pared in Figure S21 in the Supporting Information. It is worth 
noting that even without any IR correction the mC-Mo-850 
catalyst shows higher current increasing speed compared to 
Pt/C, which further confirms the importance of mesoporous 
structures as mass transfer pathway. Furthermore, when 
increasing the loading amounts of catalyst, the overpotentials 
of the mC-Mo-850 will further decrease and reach a value as 
low as 211 mV at j100 (Figure S22, Supporting Information), 
which is superior to most of the reported Mo-based HER cata-
lysts in alkaline condition.[3,18,19] The HER catalytic activity of 
mC-Mo-850 was further compared with bulk Mo2C and pure 
MoN-ebedded carbon catalysts, as shown in Figure 4f and  
Figures S23 and S24 in the Supporting Information. The meas-
urements show that mC-Mo-850 exhibits superior catalytic 
activity compared to the pure phase catalysts, which further 
suggests the important role of the Mo-based heterojunctions 
for HER due to their synergistic effect and strong electronic 
interaction as reported in earlier publications.[35,37]

Given the highest HER activity of mC-Mo-850, its stability 
and durability to continuous production of H2 were measured 
and compared with Pt/C (Figure 4g). With constant current 
densities of 10, 50, and 100 mA cm−2, the overpotentials only 
slightly increased after running for 20 000 s for each step, i.e., 
only a 30 mV shift was observed for 10 mA cm−2, 20 mV for 
50 mA cm−2, and 7 mV for 100 mA cm−2. In contrast, the over-
potential of the Pt/C catalyst shifted more severely after run-
ning for 20 000 s for each step, i.e., 204 mV for 10 mA cm−2 
and 122 mV for 50 mA cm−2. The turnover frequency (TOF), 
indicating the intrinsic catalytic activity of a catalyst at atomic 
level and the best figure of merit for comparing HER activi-
ties among different catalysts, has been calculated with the 
simplified assumption that all Mo atoms are involved in the 
reaction. TOF values plotted against the applied overpoten-
tial are shown in Figure 4h. In particular, for mC-Mo-850, a 

TOF of 2.0 H2 s−1 at overpotential of 275 mV is found, while 
C-Mo-850 shows only 0.08 H2 s−1 at the same overpotential. For 
the purpose of direct comparison, the reported TOF values of 
several state-of-the-art nonprecious metal HER catalysts pub-
lished recently, including MOF-derived MoCx,[36] γ-Mo2N,[8] and 
CoP on carbon cloth (CoP/CC),[12] are introduced into this graph; 
it can be observed that, mC-Mo-850 shows the highest TOF 
value. Notably, the TOF values of mC-Mo-850 even exceed the 
ones for Pt/C when the overpotentials are higher than 239 mV.

To reveal more information on the catalytic sites and deter-
mine the most active Mo species in the catalysts, a secondary 
reduction of the catalyst with hydrogen gas was performed. 
The H2 reduced catalyst was first investigated by SEM and 
XRD (Figure 5a,b), which showed no apparent difference 
from the original mC-Mo-850. However, the HER catalytic 
activity of the H2 reduced catalyst was further improved with 
a positively shifted overpotential of 26 mV (j10 = 119 mV, 
j100 = 205 mV) (Figure 5c). As shown in Figure 5d, the Moσ+ 
(corresponding to Mo2C and Mo2N species) peak intensity of 
mC-Mo-850-H2 increased significantly in the high-resolution 
Mo 3d XPS, compared to the original mC-Mo-850 (Figure 2f). 
The calculated content of Moσ+ of mC-Mo-850 increased 
from 25.5% to 31.8% after H2 reduction (Figure 5e). To elu-
cidate if the slightly increased Mo amount after H2 reduc-
tion is responsible for the enhanced catalytic performance, 
we further calculate the TOF values for each sample. Indeed, 
it is seen that mC-Mo-850-H2 shows higher catalytic activity 
compared to mC-Mo-850 independent of the Mo content 
(Figure 5f). Thus, it can be concluded that the most active 
compound in the mC-Mo-850 catalyst is the Moσ+ spe-
cies, corresponding to Mo2C, Mo2N, and their heterojunc-
tions.[29,30] Furthermore, the density functional theory calcu-
lations in a recent report have revealed that the interface of 
Mo2C/Mo2N nanocrystallites exhibits much lower adsorption 
free energy of H compared to the single Mo2C and Mo2N 
nanocrystallites.[37] Therefore, together with the above pre-
sented SEM, TEM, BET, XRD, XPS, and HER results, it is 

Adv. Funct. Mater. 2019, 29, 1807419

Figure 5. a) SEM images and b) XRD patterns of mC-Mo-850 catalyst after H2 reduction. c) HER polarization curves. d) High-resolution XPS of Mo 
3d peaks of the mC-Mo-850 sample after H2 reduction and e) the corresponding Mo species content. f) TOF values assuming all Mo atoms of the 
catalysts before and after H2 reduction.



7.3 Metal-Organic Precursor–Derived Mesoporous Carbon Spheres with Homogeneously Distributed Molybdenum 
Carbide/Nitride Nanoparticles for Efficient Hydrogen Evolution in Alkaline Media 

120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

www.afm-journal.dewww.advancedsciencenews.com

1807419 (8 of 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

suggested that the Mo2C/Mo2N heterojunction is the most 
active center in our mesoporous Mo-based electrocatalysts. 
The “synergistic benefits” of the nanocrystalline heterojunc-
tions (provide higher intrinsic activity and stability) and the 
mesoporous structure (provide more exposed active sites and 
mass transfer pathways) are significantly important for HER  
performance.[18,38,48]

3. Conclusion

The synthesis of Mo-based nanocrystallites/heterojunctions and 
hierarchically mesoporous structured carbon spheres via a fast, 
scalable, and eco-friendly metal-organic coordination precursor 
for efficient hydrogen production is reported. Distinct from 
previous studies on MOF precursors, the here presented novel 
synthetic strategy shows obvious advantages for large-scale pro-
duction. Furthermore, the in situ and confined growth of small 
Mo-based nanocrystallites/heterojunctions is enabled by the 
DA–Mo coordination structures, which may provide a novel 
and simple strategy to synthesize heterojunction-embedded 
catalyst. Finally, benefiting from the abundant mesopores 
and nanosized Mo2C/Mo2N heterojunctions, the Mo-based 
mesoporous electrocatalyst shows superior hydrogen evolution 
activity and stability to Pt/C in alkaline condition. Overall, such 
a strategy will not only create a new pathway for controllable 
synthesis of diverse kinds of micro-/nanostructured Mo-based 
catalysts, but also take a step toward the fast and scale-up pro-
duction of advanced mesoporous carbon electrodes for a broad 
range of applications.

4. Experimental Section
Materials: Pt–carbon, Nafion solution, Na2MoO4 · 2H2O, dopamine 

hydrochloride, HCl, and NaOH were obtained from Alfa Aesar. 
Monodispersed silica nanoparticles (22 nm, Ludox AS-40) were 
purchased from Sigma-Aldrich. Unless otherwise stated, all the reagents 
were of analytical grade and were used as received. All aqueous solutions 
were prepared with deionized (DI) water.

Characterization Methods—Scanning Electron Microscopy: The 
morphology of the prepared precursors and carbons was observed by 
high-resolution filed emission SEM (Hitachi S-4000 and Hitachi S-4800). 
All the carbonized materials were observed directly without gold coating. 
For the nonconductive precursors, the gold coating was deposited with 
a layer of about 1 nm.

Characterization Methods—Transmission Electron Microscopy: 
HR-TEM, HAADF-STEM, and element mapping were performed on a 
probe-corrected FEI Titan 80-300 S/TEM equipped with a Gatan electron 
energy loss spectroscopy (EELS) detector.

Characterization Methods—X-Ray Photoelectron Spectra: XPS was 
measured on K-Alpha X-ray photoelectron spectrometer system (Thermo 
Scientific) with Hemispheric 180° dual-focus analyzer with 128-channel 
detector. X-ray monochromator was microfocused Al Kα radiation. For 
the measurement, the prepared powder samples were pressed and 
loaded on carbon taps, and then pasted onto the sample holder for 
measurement. The data were collected with X-ray spot size of 400 µm, 
20 scans for survey, and 50 scans for regions.

Characterization Methods—Surface Area and Pore Size Distribution 
Analysis: N2 sorption analysis was conducted on a Quantachrome 
Quadrasorb SI instrument. All samples were degassed at 150 °C 

overnight before actual measurement. The surface area was calculated 
by using BET calculations. The PSD plot was recorded from the 
adsorption branch of the isotherm based on the quenched solid density 
functional theory (QSDFT) model for spherical pore.

Characterization Methods—Thermogravimetric Analysis: TGA was 
conducted in air condition from room temperature to 1000 °C, with a 
change of 10 °C min−1.

Characterization Methods—Powder X-Ray Diffraction: XRD 
measurements of all samples were carried out on a Bruker D8 Advance 
instrument with Cu Kα radiation (λ = 1.54 Å) at a generator voltage of 
40 kV and a generator current of 50 mA.

Experiments—Synthesis of mC-Mo Catalysts: First, 12.5 g 
monodispersed silica nanoparticle-based suspension (Ludox AS-40, 
40 wt%) was diluted into 50 mL by DI water. In a typical synthesis, 
the pH value of the silica suspension was adjusted to ≈2 by adding 
3 mL of 1 m HCl. 0.95 g dopamine hydrochloride was dissolved in 
50 mL water and dropped into the silica dispersion. After the DA 
and silica dispersion was well mixed by stirring, 50 mL sodium 
molybdate solution (containing 2.41 g Na2MoO4 ⋅ 2H2O) was dropped 
slowly (about 10 min) into the DA–silica dispersion. The color of 
the suspension changed from light white to dark orange during the 
addition of sodium molybdate and finally a dark orange precipitate 
formed. The reaction was further stirred for 1 h, and then the product 
was collected by centrifugation and washed with DI water and ethanol 
for three times. The products were dried in a vacuum oven and then 
carbonized in an argon furnace at different temperatures (750, 850, 
and 950 °C) for 2 h. Finally, the silica templates were removed either 
by etching with 2 m NaOH or by 4 m NH4HF2 solution to obtain the 
mesoporous structures.

Experiments—Synthesis of C-Mo-850 Catalysts: For comparison, the 
same synthetic approach as used for mC-Mo-850 has been carried 
out without the addition of the silica colloid, yielding a sample named 
C-Mo-850 (Figure S1, Supporting Information). 0.95 g DA was dissolved 
in 50 mL water and 3 mL of 1 m HCl was added in. Next, 50 mL sodium 
molybdate solution (containing 2.41 g Na2MoO4 ⋅ 2H2O) was dropped 
slowly into the DA solution. The reaction was further stirred for 1 h, and 
then the product was collected by centrifugation and washed with DI 
water and ethanol for three times. The products were dried in a vacuum 
oven and then carbonized in an argon furnace at 850 °C for 2 h.

To further confirm that the coordination reaction speeds, 
microsphere sizes, and morphologies of DA–Mo–silica can be facilely 
controlled, the pH values (Figures S3–S7, Supporting Information), 
reaction concentrations (Figures S8–10, Supporting Information), and 
DA–Mo ratios (Figures S11–S13, Supporting Information) were varied, 
as shown and discussed in the following sections, which will lead to 
tailorable surface morphology, porous structures, crystallinities of 
formed Mo-based nanoparticles, and HER catalytic activities in alkaline 
medium. In conclusion, the optimized synthesis condition was 3 mL 
HCl, 150 mL total reaction solution (2.2 µm), and 1–2 (DA–Mo) mole 
ratio, which has the highest HER catalytic activity.

Experiments—Synthesis of mC-Mo Catalysts with Varied pH Values: The 
synthesis followed the same synthetic strategy as that mentioned in the 
section “Synthesis of mC-Mo-850 Catalysts”; the only difference was 
the amount of HCl. Instead of 3 mL HCl, a modified volume (0, 1, and 
4 mL) of HCl was added.

Experiments—Synthesis of mC-Mo Catalysts with Changed Reaction 
Concentrations—mC-Mo-850-1 µm: 3 mL of 1 m HCl was added into 
12.5 g silica dispersion (Ludox AS-40, 40 wt%). 0.95 g DA was dissolved 
in 10 mL water and dropped into the silica dispersion. After the DA and 
silica dispersion was well mixed by stirring, 10 mL sodium molybdate 
solution (containing 2.41 g Na2MoO4⋅ 2H2O) was dropped slowly into 
the DA–silica dispersion. The color of the suspension changed from 
light white to dark orange during addition and finally a dark orange 
precipitate formed. The reaction was further stirred for 1 h, and then the 
product was collected by centrifugation and washed with DI water and 
ethanol for three times. The products were dried in a vacuum oven and 
then carbonized in an argon furnace at 850 °C for 2 h. Finally, the silica 
template was removed to obtain the mesoporous structures.

Adv. Funct. Mater. 2019, 29, 1807419
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Experiments—Synthesis of mC-Mo Catalysts with Tuned Reaction 
Concentrations—mC-Mo-850-5 µm: 3 mL of 1 m HCl was added into 
12.5 g silica dispersion (Ludox AS-40, 40 wt%) and the solution was 
diluted to 100 mL by DI water. 0.95 g DA was dissolved in 100 mL 
water and dropped into the silica dispersion. After the DA and silica 
dispersion was well mixed by stirring, 100 mL sodium molybdate 
solution (containing 2.41 g Na2MoO4 ⋅ 2H2O) was dropped slowly into 
the DA–silica dispersion. The color of the suspension changed from 
light white to dark orange during addition and finally a dark orange 
precipitate formed. The reaction was further stirred for 1 h, and then the 
product was collected by centrifugation and washed with DI water and 
ethanol for three times. The products were dried in a vacuum oven and 
then carbonized in an argon furnace at 850 °C for 2 h. Finally, the silica 
template was removed to obtain the mesoporous structures.

Experiments—Synthesis of mC-Mo Catalysts with Varied DA–Mo Ratios: 
To compare the influence of DA–Mo ratio on the mC-Mo-850 catalysts, 
different DA–Mo ratios of starting materials have been synthesized: 
mC-Mo-1-1-850 (the molar ratio of DA to Na2MoO4 ⋅ 2H2O is 1:1), 
mC-Mo-1-2-850 (the molar ratio of DA to Na2MoO4 ⋅ 2H2O is 1:2), and 
mC-Mo-1-5-850 (the molar ratio of DA to Na2MoO4 ⋅ 2H2O is 1:5).

mC-Mo-1-1-850 was synthesized in the same way as mentioned in the 
section “Synthesis of mC-Mo Catalysts”; the only difference was that the 
added amount of Na2MoO4 ⋅ 2H2O was 1.205 g, which resulted in a 1:1 
(DA–Mo) molar ratio.

mC-Mo-1-2-850 was synthesized in the same way as mentioned in the 
section “Synthesis of mC-Mo Catalysts.”

mC-Mo-1-5-850 was synthesized in the same way as mentioned in the 
section “Synthesis of mC-Mo Catalysts”; the only difference was that the 
added amount of Na2MoO4 ⋅ 2H2O was 6.025 g, which resulted in a 1:5 
(DA–Mo) molar ratio.

Experiments—Synthesis of Bulk and Pure Mo2C Embedded Carbon 
(Mo2C-C) Catalysts: The bulk Mo2C-C catalyst was synthesized by 
using DA and Na2MoO4 ⋅ 2H2O as precursors. 0.95 g DA and 
2.41 g Na2MoO4 ⋅ 2H2O were mixed by grinding for 10 min. An orange 
colored powder was obtained and then transferred into a crucible for 
carbonization in an argon furnace at 850 °C for 2 h. The black powered 
product was collected directly after carbonization.

Experiments—Synthesis of Pure MoN Embedded Carbon (MoN-C) 
Catalysts: The pure MoN-C catalyst was synthesized for comparison by 
using the mC-Mo-850 catalyst as the precursor, and then mC-Mo-850 
was directly applied for NH3 thermal treating at 900 °C for 2 h to transfer 
all the Mo2C phase to MoN.

Experiments—Synthesis of H2 Reduced mC-Mo-850 Samples. To explore 
the reactive Mo sites in mC-Mo-850, the H2 reduction of the mC-Mo-850 
catalysts was carried out and conducted in a tubular oven with 5% H2/Ar 
gas with a ramp of 5 °C min−1 to 800 °C and kept for 2 h.

Experiments—Electrochemical Measurements—Ink Preparation: The 
catalyst ink was prepared by blending the catalyst powder (15 mg) with 
100 µL Nafion solution (5 wt%) and 900 µL ethanol in an ultrasonic 
bath. 5 µL of catalyst ink was then pipetted onto the GC surface, leading 
to a catalyst loading of 0.38 mg cm−2. Commercially available 20 wt% 
platinum on Vulcan carbon black (Pt/C from Alfa Aesar) was measured 
with the same loading amount for comparison. The TOF data were 
calculated based on the atomic content (from XPS) of the Mo in the 
catalysts.

Experiments—Electrochemical Measurements—Electrodes and 
Measurements: All the electrochemical measurements were carried 
out in a conventional three-electrode cell using the Gamry reference 
600 workstation (Gamry, USA) at room temperature. Ag/AgCl 
and graphite rod were used as reference and counter electrodes, 
respectively. The reference electrode was calibrated with reversible 
hydrogen electrode (RHE), and the versus potential was 1.010 V in 
1 m KOH. A glassy carbon rotating disk electrode (RDE) with an area 
of 0.196 cm2 served as the substrate for the working electrode to 
evaluate the HER activities of various catalysts. The electrochemical 
experiments were conducted in N2 saturated 1 m KOH electrolyte. The 
RDE measurements were conducted at a rotating speed of 1600 rpm 
with a sweep rate of 10 mV s−1.

Electrochemically active surface area was estimated by measuring the 
capacitance of the double layer at the solid–liquid interface with cyclic 
voltammetry. The measurement was performed in a potential window of 
0.18–0.28 V versus RHE, where the Faradic current on working electrode 
was negligible. The series of scan rates ranging from 10 to 200 mV s−1 
was applied to build a plot of the charging current density differences 
against the scan rate at a fixed potential of 0.23 V. The slope of the 
obtained linear curve was twice of the double-layer capacitance (Cdl), 
which was used to estimate ECSA.[57]

Electrochemical impedance spectroscopy (EIS) was carried out with 
a potentiostatic EIS method with a DC voltage of −0.140 V versus RHE, 
in an Ar saturated 1.0 m KOH electrolyte from 100 kHz to 0.1 Hz with a 
10 mV AC potential at 1600 rpm.[48] The stability tests for the catalysts 
were conducted using chronopotentiometry at the constant working 
current densities of 10, 50, and 100 mA cm−2.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. (a) XRD pattern of the DA-Mo precursor before and after addition of silica 

nanoparticles. (b) XRD pattern of C-Mo-850. (c-h) SEM images of C-Mo-850 (no silica 

nanoparticle added during synthesis).  
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Figure S2. SEM and TEM images of mC-Mo catalysts carbonized under different 

temperatures: mC-Mo-750 (a, b, c), mC-Mo-850 (d, e, f), and mC-Mo-950 (g, h, i). 
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Figure S3. SEM images of the DA-Mo-silica precursors synthesized with different amounts 

of HCl: a) 0 mL HCl, b) 1 mL HCl, c) 3 mL HCl, and d) 4 mL HCl.  
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Figure S4. SEM images of the carbonized DA-Mo-silica precursors obtained with different 

amounts of HCl: a-c) 0 mL HCl; d-f) 1 mL HCl; g-i) 3 mL HCl; and j-l) 4 mL HCl after 850 

o
C thermal treatments for 2 h, the images are taken without etching of silica templates.  
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Figure S5. SEM images of the mC-Mo-850 catalysts obtained from different amounts of HCl 

added: a-c) 0 mL HCl, d-f) 1 mL HCl, and g-i) 3 mL HCl after etching the silica templates.  
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Figure S6. XRD patterns of mC-Mo-850 obtained from different amounts of HCl.  
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Figure S7. HER activities of the mC-Mo-850 catalysts synthesized with different amounts of 

HCl: a) polarization curves, b) Tafel plots, c) overpotentials to achieve the current density of 

10 mA/cm
2
, and d) overpotentials to achieve the current density of 100 mA/cm

2
.  
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Figure S8. SEM images of catalysts with different spherical sizes (synthesized by adjusting 

the concentration of starting materials): (a, b) mC-Mo-850-1たm: synthesized by mixing 0.5 

mol/L DA and 1 mol/L Na2MoO4 (30 mL total reaction solution); (c, d) mC-Mo-850-2.2たm: 

synthesized by mixing 0.1 mol/L DA and 0.2 mol/L Na2MoO4 (150 mL total reaction 

solution); (e, f) mC-Mo-850-5たm: synthesized by mixing 0.05 mol/L DA and 0.1 mol/L 

Na2MoO4 (300 mL total reaction solution).  
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Figure S9. a) N2 adsorption/desorption isotherms, b) pore size distributions calculated from 

the adsorption branch of the isotherms by the QSDFT model for spherical pore type of mC-

Mo-850 with different microsphere diameters, c) surface areas, pore volumes, and the 

calculated microporous surface areas and external surface areas.
 [4]
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Figure S10. HER activities of mC-Mo-850 with different microsphere diameters: a) 

polarization curves, b) Tafel plots, c) overpotentials to achieve current density of 10 mA/cm
2
, 

and d) overpotentials to achieve current density of 100 mA/cm
2
.  
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Figure S11. SEM images of the mC-Mo-850 catalysts synthesized with different ratios of 

starting materials: a-c) mC-Mo-1-1-850 (the molar ratio of DA to Na2MoO4 is 1 to 1); d-f) 

mC-Mo-1-2-850 (the molar ratio of DA to Na2MoO4 is 1 to 2); g-i) mC-Mo-1-5-850 (the 

molar ratio of DA to Na2MoO4 is 1 to 5).  
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Figure S12. a) N2 adsorption/desorption isotherms, b) pore size distributions calculated from 

the adsorption branch of the isotherms by the QSDFT model for spherical pore type of mC-

Mo-850 with different microsphere diameters, c) surface areas, pore volumes, and the 

calculated microporous surface areas and external surface areas. 
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Figure S13. HER activities of mC-Mo-850 from different DA-Mo ratios: a) polarization 

curves, b) Tafel plots, c) overpotentials to achieve current density of 10 mA/cm
2
, and d) 

overpotentials to achieve current density of 100 mA/cm
2
.  

 

 

 

 

In conclusion, optimum synthetic conditions to prepare a catalysts with highest HER catalytic 

activity are 3 ml HCl, 150 mL total reaction solution (~2.2 たm in size) and  a 1-2 (DA-Mo) 

mole ratio.  

 

The detailed supporting data of the mC-Mo-850 synthesized from 3 ml HCl, 150 mL total 

reaction solution (~2.2 たm in size), and 1-2 (DA-Mo) mole ratio are shown in the following, 
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if no specific notification, all the mC-Mo-850 catalysts in the manuscript and following 

sections are the catalysts synthesized from the optimized conditions. 

 

Figure S14. (a) TEM images of the monodispersed silica nanoparticles with a diameter of 

about 22 nm. The surface and internal morphologies of mC-Mo-850: (b) SEM images of the 

surface morphologies of the microsphere; (c) mesoporous internal structure of the 

microsphere; (d) SEM elemental mapping; and (e) EDX spectra on a thick power film (100 

µm) of mC-Mo-850. 
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Table S1. The detailed elemental contents in the prepared catalysts. 

Samples C at.% N at.% O at.% Mo at.% 
mC-Mo-750 79.00 7.83 10.93 2.69 

mC-Mo-850 85.20 4.89 7.87 2.04 

mC-Mo-950 84.25 5.56 8.32 1.86 

C-Mo-850 66.47 12.15 17.86 3.52 

mC-Mo-850-H2 84.89 5.13 7.04 2.33 

 

 

Table S2. Contents of different Mo species in the prepared catalysts. 

 
Samples Mo6+ % Mo4+ % Moj+ % 
mC-Mo-750 67.20 18.08 14.72 

mC-Mo-850 44.87 29.60 25.53 

mC-Mo-950 64.03 19.86 16.01 

C-Mo-850 74.37 15.86 9.78 

mC-Mo-850-H2 49.05 19.11 31.84 

 

 

 

Table S3. Contents of different N species in the prepared catalysts. 

 
Samples Pyridinic 

N % 
Pyrrolic 
N % 

Graphitic 
N % 

Oxidized 
N % 

Metal 
nitride % 

mC-Mo-750 44.99 9.76 16.59 5.47 23.19 

mC-Mo-850 45.45 3.50 24.31 2.64 24.11 

mC-Mo-950 46.36 3.70 27.04 4.76 18.13 

C-Mo-850 44.84 24.15 9.57 3.44 18.01 
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Figure S15. TGA curves of the prepared mC-Mo-750, mC-Mo-850, and mC-Mo-950 

catalysts in air condition. 

 

     TGA of the mC-Mo-750, mC-Mo-850, and mC-Mo-950 catalysts was measured under air 

from room temperature to 1000 
o
C. The corresponding Mo contents were calculated based on 

the content of all MoO3 in the end. If we suggest there is no residual of carbon matrix, the 

calculated Mo atom content is 17.9 wt. % for mC-Mo-750, 14.2 wt. % for mC-Mo-850, and 

13.4 wt. % for mC-Mo-950. The results are matched well with the data calculated from XPS 

in Figure 2, which indicate the homogeneous distribution of Mo compounds in the 

mesoporous carbon sphere. 
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Figure S16. XPS (a) Mo 3d and (b) N 1s spectra of the DA-Mo-precursor. (c) Mo 3d and (d) 

N 1s spectra of the C-Mo-850 catalysts.  
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Figure S17. (a, b, and c) TEM images of mC-Mo-850. The Mo-based particles can be clearly 

detected from b and c, marked with green arrows, and display a size range from about 1 nm 

(major, b) to 10 nm (minor, c), (d, e) Selected area electron diffraction (SAED) pattern of 

mC-Mo-850, confirming the presence of Mo2C (purple rings correspond to 100, 101, 102, 

110, and 112 planes) and Mo2N (green rings correspond to 111, 200, 220, and 311 planes) 

crystalline structures. (f, g) HR-TEM images of the Mo2C/Mo2N heterojunction structures, 

and (h) schematic illustration of the heterojunction structures.  

 

 



7.3 Metal-Organic Precursor–Derived Mesoporous Carbon Spheres with Homogeneously Distributed Molybdenum 
Carbide/Nitride Nanoparticles for Efficient Hydrogen Evolution in Alkaline Media 

142 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

19 

 

 

Figure S18. The calculated exchange current density for the as-prepared catalysts. The 

exchange current density (j0) of mC-Mo-850 is about 0.0514 mA cm
-2

, i.e. higher than those 

of non-mesoporous C-Mo-850 (0.0099 mA cm
-2

) and mesoporous catalysts obtained at 

different temperature mC-Mo-750(0.0224 mA cm
-2

), mC-Mo-950 (0.0124 mA cm
-2

) 

. 
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Figure S19. Cyclic voltammetry scans for as-prepared catalysts with different rates from 10 

to 200 mV/s to calculate the electrochemical double-layer capacitances.  
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Figure S20. Calculated capacitive currents at 0.23 V (vs RHE) as a function of scan rate for 

the prepared catalysts.   
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Figure S21. Polarization curves of mC-Mo-850 catalysts and Pt/C before and after IR-

correction. Note that even without any IR-correction the mC-Mo-850 catalyst shows higher 

current increasing speed compared to Pt/C. 
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Figure S22. (a, b) Polarization curves and (c) potentials of j10, j50, j100 and j200 with different 

loading amounts of mC-Mo-850 catalyst.  

 

 



7.3 Metal-Organic Precursor–Derived Mesoporous Carbon Spheres with Homogeneously Distributed Molybdenum 
Carbide/Nitride Nanoparticles for Efficient Hydrogen Evolution in Alkaline Media 

147 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

24 

 

 

Figure S23. (a) XRD patterns of the bulk Mo2C and pure MoN doped carbon catalysts. The 

bulk Mo2C doped carbon catalyst is prepared from direct carbonization of the grinding 

mixture of DA and Na2MoO4. The MoN doped carbon catalyst is obtained from secondary 

NH3 treatment of mC-Mo-850 catalyst. The detailed synthetic information is presented in 

experimental section. SEM images of the prepared (b) bulk Mo2C doped carbon catalyst, and 

(c, d) MoN doped carbon catalyst. 
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Figure S24. Tafel slopes of the bulk Mo2C and pure MoN doped carbon, mesoporous mC-

Mo-850, and non-mesoporous C-Mo-850 catalysts. 

 

Table S4. HER performances of all the prepared catalysts in this study.  

Samples  Overpotential 
at j10 

Overpotential 
at j50 

Overpotential 
at j100 

Tafel slope 
mV/decade 

Exchange 
current 
density 
(mA/cm2) 

Cdl 
(mF/cm2) 

mC-Mo-

750 

171 227 262 58 0.0224 17.5 

mC-Mo-

850 

145 192 222 55 0.0514 22.5 

mC-Mo-

950 

185 245 281 62 0.0124 26 

C-Mo-

850 

262 345 393 98 0.0099 5.5 

Mo2C 336 -- -- 85 -- -- 

MoN 242 298 -- 63 -- -- 

Pt/C 60 167 263 47 5.8750 -- 

 

Table S5. Comparison of HER performances of mC-Mo-850 catalysts with various non-

precious HER electrocatalyts reported in the literature in 1 M KOH electrolyte. It should be 

noted that some of the catalysts that loaded on carbon cloth, Ni foam or metal foils will 
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usually lead extremely low overpotentials (Ș10) compared with the catalysts loaded on GC 

electrode, thus these data are not well comparable. 

 

Catalysts Loading 

amount 

(mg cm
-2

) 

Ș10 

(mV) 

Tafel slope 

(mV dec
-1

) 

Ref. 

Mo-based catalysts: 

mC-Mo-850 0.38 145 55 This work 

mC-Mo-850-H2 0.38 119 54 This work 

Mo2N–

Mo2C/HGr-3 

0.337 154 68 Adv. Mater. 2018, 30, 1704156 

3D G@N-MoS2 0.255 250 -- Adv. Mater. 2018, 30, 1705110 

Co3S4@MoS2 0.285 136 74 Nano Energy, 2018, 47, 494-502 

Ni/Mo2C-PC 0.50 179 101 Chem. Sci., 2017, 8, 968–973 

MCC-1 1.02 ~170 73 Small 2017, 13, 1701246. 

MoCN-3D 0.26 122 78.4 NPG Asia Mater. 2016, 8, e293  

Co-MoS2 Carbon 

cloth 

203 158 Energy. Environ. Sci. 2016, 9, 2789 

porous MoCx 

nano-octahedrons 

0.80 151 59 Nat. Commun. 2015, 6, 6512. 

MoC0.654@CNS  Ni foam 220 -- J. Am. Chem. Soc. 2015, 137, 16, 

5480. 

Mo2C 

nanoparticles 

0.102 176 -- J. Mater. Chem. A 2015, 3, 8361. 

Mo2C 3 257 - J. Mater. Chem. A 2015, 3, 5783. 
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nanocrystal 

embedded N-

CNTs 

MoP 0.86 ~140 48 Energy Environ. Sci. 2014, 7, 2624. 

Mo2C 1.4 190 54 Angew. Chem. Int. Ed. 2012, 51, 

12703.  

Other metal-based catalysts: 

Co-Ni3N -- 194 156 Adv. Mater. 2018, 30, 1705516 

Fe-Ni@NC-

CNTs 

0.5 202 113.7 Angew. Chem. Int. Ed. 2018, 

doi:10.1002/ange.201803136 

IFONFs-45 Fe foil 47 31 Nat. Commun. 2018, 9, 1809 

N-NiCo2S4, NF Ni foam 41 37 Nat. Commun. 2018, 9, 1425 

Ni/GD Graphdiyne 86 45.8 Nat. Commun. 2018, 9, 1460 

Cu3Co2.7-P/NC -- 220 122 Adv. Energy. Mater. 2017, 7, 

1601555 

NiFe LDH-

NS@DG10 

0.283 300 110 Adv. Mater. 2017, 29, 1700017. 

HNDDC-

100.000-1.000 

Co 

Carbon 

cloth 

158 93.4 Nat. Commun. 2017, 8, 1392 

Co2B-500 -- 328 177 Adv. Energy. Mater. 2016, 6, 

1502313. 

NiCo2S4 NW/NF Ni foam  210  58.9  Adv. Funct. Mater. 2016, 26, 4661. 

2-cycle 

NiFeOx/CFP 

1.6 88 - Nat. Commun. 2015, 6, 7261. 
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Co-NRCNTs 0.28 ~380 - Angew. Chem. Int. Ed. 2014, 53, 

4372. 

CoNx/C 2 170 75 Nat. Commun. 2015, 6, 7992. 

Ni5P4/Ni foil Ni foil 150  53  Angew. Chem. Int. Ed. 2015, 127, 

12538. 

Ni3S2 Ni foam  ~ 220  -  J. Am. Chem. Soc. 2015, 137, 

14023. 

Ni2P/NF Ni foam  220  -  Energy Environ. Sci. 2015, 8, 2347. 

NiFe LDH/NF Ni foam  210  -  Science 2014, 345, 1593. 

CoP nanowires Carbon 

cloth 

209  129  J. Am. Chem. Soc. 2014, 136, 7587. 
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8 Presentations and Posters 

Presentations: 

[1] Nanostructured porous carbon synthesized from metal-organic precursors for efficient 

electrochemical catalysts, BIG-NSE retreat, Döllnsee, Germany, 2018. 

[2] Two-dimensional porous carbons prepared from salt and/or silica templating methods for 

oxygen electrocatalysts, CGCA 30th Annual conference, Berlin, 2018. 

[3] Two-dimensional porous carbon for high performance oxygen catalysts, The Second 

International Forum for Young Scholars Donghua University, 2017 (Donghua Forum), 

Shanghai, China, 2017. 

[4] Two-dimensional carbon nanocomposites for energy storage and conversion, International 

Forum for Young Scholars Sichuan University, 2017, Chengdu, China, 2017. 

[5] Porous carbon materials from salt-templating methods for electrocatalysts/energy storage, 

BIG-NSE retreat, Döllnsee, Germany, 2017. 

 

Poster: 

Two-Dimensional Porous Carbons Prepared from Salt and/or Silica Templating Methods for 

Oxygen Electrocatalysts, 30. Deutsche Zeolith-Tagung gemeinsam mit dem Jahrestreffen der 

ProcessNet-Fachgruppe Adsorption, Keil, Germany, 2018. 

 

 

 

 

 

 

 

 


	Title Page
	Acknowledgments
	Abstract
	Zusammenfassung
	List of Publications and Author Contributions
	Contents
	1 Introduction
	1.1 Aims and outline of this thesis
	1.2 Structure of the thesis
	1.3 The diversity of metal-organic precursors
	1.4 Electrochemical reactions and applications
	1.5 Techniques Used in Electrocatalytic Reactions
	1.6 Key performance evaluating parameters

	2 Two-Dimensional Microporous Carbons Prepared from Layered Organic-Inorganic Hybrids
	2.1 Abstract
	2.2 Project summary
	2.3 Conclusion

	3 2D Meso/micro-porous FeCo-Nx-Carbon as Bifunctional Oxygen Electrodes
	3.1 Abstract
	3.2 Project summary
	3.3 Conclusion

	4 Metal-Organic Precursor Derived Mesoporous Carbon Spheres Coupled with Mo2C/Mo2N
	4.1 Abstract
	4.2 Project summary
	4.3 Conclusion

	5 Summary
	6 References
	7 Publication Reprints
	7.1 2D Porous Carbons prepared from Layered Organic–Inorganic Hybrids and their Use as Oxygen-Reduction Electrocatalysts
	7.2 Active Salt/Silica-Templated 2D Mesoporous FeCo-Nx-Carbon as Bifunctional Oxygen Electrodes for Zinc-Air Batteries
	7.3 Metal-Organic Precursor–Derived Mesoporous Carbon Spheres with Homogeneously Distributed Molybdenum Carbide/Nitride Nanoparticles for Efficient Hydrogen Evolution in Alkaline Media

	8 Presentations and Posters



