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Abstract 

The oxygen reduction reaction (ORR) plays an important role in a number of 

modern energy conversion and storage devices, including polymer electrolyte 

membrane fuel cells (PEMFCs) and metal-air batteries. Platinum (Pt)-based catalysts 

are currently the benchmark catalysts for ORR, due to their high ORR activities and 

stability. However, the scarcity and high cost of platinum are obstacles to the uptake 

of fuel cell technology. In recent years, M-N-C electrocatalysts comprising metal 

single atom catalysts (MNx SACs) supported in N-doped carbons, have emerged as 

promising low-cost catalysts for ORR. However, the activity and stability of M-N-C 

electrocatalysts for ORR still need to be significantly improved before their large 

scale implementation in practical applications. This PhD project targeted the 

discovery of high performance Fe-N-C electrocatalysts for ORR. 

In Chapter 1, we introduced and summarized the synthetic approaches towards 

M-N-C materials, with emphasis placed on controlling the types and site density (SD) 

of metal SAC active sites on carbon-based supports for high-performance ORR. 

In Chapter 2, some important methodologies used in this PhD research project to 

characterize the structure and ORR activity of M-N-C materials are introduced. 

Chapter 3 examined the evolution of Zn single atom catalyst sites during the 

pyrolysis of Zeolitic imidazolate framework 8 (ZIF-8) at temperatures ranging from 

500 to 900 ºC. The obtained products are denoted as Zn-N-C-T (T = 600, 700, 750, 

800, 900 ºC). ZIF-8 is a metal organic framework (MOF) consisting of Zn
2+

 nodes 

tetrahedrally coordinated by four nitrogen atoms from 2-methylimidazole linkers, and 
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a commonly used precursor in the synthesis of M-N-C electrocatalysts for ORR. 

ZIF-8 was observed to be thermally stable up to 500 ºC. With increasing pyrolysis 

temperature from 500 to 900 ºC, ZIF-8 decomposition into Zn-N-C catalysts occurred. 

Some of the Zn from the ZIF-8 precursor was lost by sublimation with sample heating 

at these temperatures. Zn L-edge and Zn K-edge XAS revealed that the Zn sites in all 

Zn-N-C-T (T = 600, 700, 750, 800, 900) samples were in the form of porphyrin-like 

ZnN4 sites. Interestingly, the Zn atoms were above the N4 plane in Zn-N-C-600, 

gradually moving closer to the N4 coordination plane as the pyrolysis temperature was 

increased up to 900 ºC. The Zn-N-C-800 sample showed excellence activity for the 

peroxidase-like decomposition of H2O2, highlighting the importance of the exact 

ZnN4 site geometry for efficient catalysis. 

On pyrolyzing microporous ZIF-8 (1498 m
2
 g

-1
) to obtain N-doped carbon supports 

for ORR, most of the micropores collapse yielding lower surface area products (e.g. 

the Zn-N-C-T catalysts above had surface areas of only 9-596 m
2
 g

-1
. For Fe-N-C 

ORR electrocatalysts, achieving a high site density (SD) of FeNx sites is important for 

maximizing ORR activity. Achieving a high SD of FeNx sites, whilst preventing 

undesirable Fe nanoparticle formation, typically requires the use of a high surface 

area, microporous N-doped carbon support. This motivated the search for a new 

synthetic approach for fabricating N-doped carbons of very high surface area from 

ZIF-8. In Chapter 4, a simple molten NaCl-assisted method towards Fe/NC-NaCl 

electrocatalysts with high surface area and abundance of surface micropores is 

reported, which in turn enabled Fe-N-C catalysts with highly accessible FeN4 sites 
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and high site densities to be synthesized. By pyrolyzing microporous ZIF-8 together 

with NaCl (melting point 802 
o
C) under an N2 atmosphere, then post-synthetically 

dissolving the NaCl in water, an N-doped carbon product (denoted herein as NC-NaCl) 

was obtained with a dodecahedron morphology and abundance of micropores and 

mesopores. After the adsorption of Fe
3+

 ions and a second pyrolysis step, the 

Fe/NC-NaCl electrocatalyst produced a remarkable BET surface area of 1911 m
2
 g

-1
, 

which ensured high dispersion and high density of accessible FeN4 sites (26.3×10
19

 

sites g
-1

). The developed Fe/NC-NaCl electrocatalyst exhibited outstanding ORR 

performance with a high half-wave potential of 0.832 V (vs. RHE) in 0.1 M HClO4. 

When used as the ORR cathode catalyst in 1.0 bar H2-O2 fuel cell, Fe/NC-NaCl 

offered a high peak power density of 0.89 W cm
-2

, ranking it one of the most active 

M-N-C materials reported to date. 

In Chapter 5, we studied the direct pyrolysis of a Fe-containing ZIF-8 as a route 

towards Fe-N-C catalysts rich in FeNx sites. Experiments were performed in the 

presence or absence of molten NaCl during the pyrolysis step, yielding Fe-ZIF+NaCl 

and Fe-ZIF catalysts, respectively. Results show that molten NaCl strategy produced 

an N-doped carbon support richer in micropores and small mesopores (3.9 Å), which 

created tailored FeN4 sites with higher TOF and site density. Owing to the presence of 

the abundant mesopores in Fe-ZIF+NaCl, containing catalytically accessible FeN4 

sites, the catalyst exhibited outstanding ORR performance with a high half-wave 

potential of 0.90 V (vs. RHE) in 0.1 M KOH. A zinc-air battery driven by the 

Fe-ZIF+NaCl electrocatalyst delivered a high peak power density of 225 W cm
-2

. The 
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support porosity, FeN4 site density, tailored FeN4 coordination thus all influence the 

activity of Fe-N-C electrocatalysts for ORR. Results of this thesis guide the 

development of improved M-N-C materials for oxygen electrocatalysis. 
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CHAPTER 1 

Introduction 

This Chapter is based on an invited review article titled “Engineering Local 

Coordination Environments and Site Densities for High-Performance Fe-N-C Oxygen 

Reduction Reaction Electrocatalysis” SmartMat (2021), 2, 154. 

Qing Wang, Lu Shang, Dongxiao Sun-Waterhouse, Tierui Zhang*, Geoffrey I.N. 

Waterhouse
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Chapter 1                                                                Introduction 

21 
 

CHAPTER 1 

Introduction 

1.1 Background 

Polymer electrolyte fuel cells (PEFCs) are a clean energy conversion technology 

that use hydrogen fuel and oxygen to generate electricity. PEFCs are increasingly 

being used in transportation, portable or stationary power generation, and as 

emergency backup power systems
[1, 2]

. Figure 1.1. shows a schematic diagram of 

polymer electrolyte fuel cell. 

 

Figure 1.1. Schematic illustration of a polymer electrolyte fuel cell
[3]

. 

PEFCs employ two half reactions, the oxidation of H2 at the anode to produce 

protons and electrons, and the reduction of O2 at the cathode (using protons and 

electrons created at the anode) to produce water. Since water and a small amount of 
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heat are the only byproducts of these processes, PEFCs are considered a very 

environmentally friendly energy conversion technology. Typically, multiple PEFCs 

are combined together to produce a fuel cell stack. The hydrogen oxidation reaction 

(HOR) at the anode in a PEFC proceeds with an almost negligible overpotential and a 

high current density, which is typically achieved using a platinum group metal (PGM) 

electrocatalyst (e.g. Pt/C). Conversely, ORR at the cathode is kinetically sluggish, 

being slower by around six orders of magnitude compared with HOR
[3]

. A 

high-loading Pt-based catalyst is typically used as the ORR catalyst to minimize the 

overpotential needed to drive the reaction at reasonable rates. Electrocatalysts 

comprise ~40% of the current cost of PEFCs (US$40 kW
-1

). Thus, in order to lower 

the costs and achieve large scale production, it is crucial to minimize or eliminate the 

use of platinum or platinum group metals as ORR catalysts (and also hydrogen 

oxidation catalysts) in PEFCs. Approaches currently being pursued to achieve this 

goal include 1) alloying Pt group metals with other transition metals to increase the 

specific activity of Pt
[4, 5]

; and 2) developing PGM-free electrocatalysts with high 

ORR performance, e.g. first row transition metal catalysts, especially metal single 

atom catalysts (SACs) supported on N-doped carbon supports
[6, 7, 8]

. Over the past few 

years, enormous progress has been made in the development of PGM-free 

electrocatalysts for ORR, many of which show high activity and durability. Indeed, 

some PGM-free electrocatalysts, such as Fe-N-C catalysts (i.e. iron and nitrogen 

co-doped carbons), exhibit ORR activities approaching those of PGM electrocatalysts 

at a fraction of the materials cost, thus making these electrocatalysts suitable for 
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large-scale commercial fuel cell applications
[9, 10]

. 

Among PGM-free catalysts, Fe-N-C represent the state of art ORR electrocatalysts 

in both alkaline and acid electrolytes
[11]

. The development of Fe-based ORR catalyst 

was inspired by the iron-heme-copper active center in cytochrome c oxidase, an 

enzyme which catalyzes oxygen reduction in both prokaryotes and mitochondria
[12]

. 

However, the nature of the ORR active sites in most Fe-N-C electrocatalysts remained 

somewhat controversial until quite recently. Initially it was proposed that supported 

Fe nanoparticles were the active site for ORR, though more recent research suggests 

that isolated FeNx moieties are far more active. Dodelet’s group proposed that 

micropores (pore size <2 nm) and FeNx moieties were two critical factors needed for 

efficient ORR
[13, 14]

. The Fe-N-C catalysts prepared by that group displayed 

volumetric current densities in proton exchange membrane fuel cells (PEMFCs) of 99 

A cm
-3

 (in 2009) and 230 A cm
-3

 (in 2011) at 0.8 V under 1 bar H2-O2
[15]

. The 

enhanced performance achieved in 2011 was close to the U.S. Department of Energy 

(DOE) target for PGM-free electrocatalysts introduced in 2015 (300 A cm
-3

). The step 

change improvement realized in 2011 resulted from the replacement of a N-free 

carbon support with a N-doped carbon support derived by pyrolysis from a zeolitic 

imidazolate framework 8 (ZIF-8) precursor. The N-doped carbon support stabilized 

highly dispersed Fe atoms in FeNx sites (typically a square planar FeN4 coordination). 

Accordingly, zeolitic imidazolate frameworks (ZIFs), a sub-class of metal organic 

frameworks (MOFs), have become important precursors in electrocatalyst 

development for ORR. Advantages of ZIFs for Fe-N-C catalyst fabrication include 
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high metal, nitrogen and carbon contents, intrinsic microporosity and high specific 

surface areas. If the Fe loading is limited to ~1 wt.%, Fe-N-C catalysts derived from 

ZIFs will typically yield highly dispersed FeNx moieties within the micropores of a 

N-doped carbon support. Fe-N-C materials free from metallic Fe nanoparticles 

demonstrate outstanding ORR activity and durability
[16, 17]

, with the active Fe 

determined to exist in a porphyrin-like nitrogen coordination environment (FeNx)
[16, 18, 

19, 20, 21, 22, 23, 24]
 using advanced physical characterization methods including 

Mössbauer spectroscopy, X-ray absorption spectroscopy (XAS) and 

aberration-corrected scanning transmission electron microscopy (STEM). Density 

functional theory calculations (DFT) offer further evidence that FeNx sites are indeed 

very active for ORR. 

Although deeper knowledge is emerging about the true active sites of M-N-C 

material for ORR (i.e. porphyrin-like metal single atom sites), the ORR performance 

of M-N-C materials remains generally inferior to commercial Pt/C catalysts. This 

motivates further investigations aimed at developing higher-performance M-N-C 

materials
[25, 26]

. Generally, the overall performance of an electrocatalyst is determined 

by the intrinsic activity of active sites and the density of active sites. In other words, 

the site density (SD) and turnover frequency (TOF) of accessible MN4 sites are two 

important descriptors for M-N-C electrocatalysts. Thus, in an attempt to improve the 

ORR activity of M-N-C electrocatalysts, researchers are now focusing on improving 

these aspects, preferably in tandem. Current research centers on: 1) discovering new 

active sites with higher TOFs, and 2) increasing the site density (SD) of active sites. 
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In the remainder of this chapter, the synthesis of M-N-C materials from metal 

organic frameworks (MOF) precursors will firstly be summarized. Regarding the 

development of MN4 sites with a higher TOF, we subsequently explore existing 

knowledge relating to ORR on M-N-C materials, with particular emphasis placed on 

reaction mechanisms. Approaches for the modulation of the properties of central 

metal atom in M-N-C materials and thus ORR activity are then described. Synthetic 

strategies used to engineer porous N-doped carbon supports that create a high SD of 

MN4 active sites are next discussed. Finally, the research objectives of this PhD thesis 

are introduced. 
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1.2 Synthesis of M-N-C materials from MOF precursors 

M-N-C materials with high ORR activity are required to possess 1) active sites with 

intrinsically high ORR reactivity, such as MNx moieties, 2) high density of exposed 

active sites to participate in ORR, 3) rational pore structure for efficient mass 

transport and charge transfer during ORR. MOFs are a class of porous materials 

assembled from metal cations or metal clusters (nodes) coordinated by organic linkers. 

MOFs have ordered crystalline structures, tunable pore sizes and varying chemical 

compositions, making them invaluable in the fabrication of high performance M-N-C 

catalysts for ORR
[27]

. Over the past decade, MOFs have been widely used as 

sacrificial templates and metal, N, and C sources for the synthesis of N-doped carbon 

materials via high temperature pyrolysis
[28, 29]

. During heat treatment, the organic 

linkers are transformed into a porous carbon matrix (typically a microporous N-doped 

carbon), whilst the metal nodes are reduced into metal-based nanoparticles or 

atomically dispersed single metal atom sites or simply evaporated away in the case of 

low boiling point metals such as Zn. 

Pyrolysis of MOF precursors with site-isolated metals represents a simple and 

effective way of synthesizing M-N-C materials comprising MNx sites on porous 

N-doped carbon supports. To avoid the formation of aggregated metal nanoparticles, it 

is necessary to stabilize the individual metal sites in a N coordination during pyrolysis, 

thus ensuring the formation of atomically dispersed MNx sites in the pyrolysis product. 

There are two distinct general ways for the synthesis of isolated metal sites in MOF 

architectures (Figure 1.2.): 1) the use of organic linkers incorporating the metal nodes 
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during MOF syntheses, such as imidazole-based linkers
[30, 31]

 or bipyridine-based 

organic linkers
[32]

; or 2) the use of functionalized organic linkers containing 

coordinated metals, including porphyrin-based
[33, 34]

 or NH2-grafted organic 

linkers
[35]

. 

 

Figure 1.2. Schematic illustration of a MOF precursor with metal sites in the nodes or 

on the ligand complexes. Ligand: 1) 2-methylimidazole; 2) 4,4-bipyridine; 3) 

4,4′,4′′,4′′′-(Porphine-5,10,15,20-tetrayl)tetrakis (benzoic acid) (H2TCPP); 4) 

2,2′-Bipyridine-5,5′-dicarboxylic acid; 5) 2-amino terephthalic acid. The grey, green 

and pink spheres are carbon, oxygen and nitrogen atoms, respectively. 

ZIFs are a MOF subclass that use imidazolate (Im)-based organic linkers to 

tetrahedrally coordinate metal centers (M= Zn or Co). Generally, the M-Im-M 

fragment has the same bridge angle of 145º as that of Si-O-Si in tetrahedral zeolites. 

The direct pyrolysis of a Co-ZIF (e.g. ZIF-67) results in a N-doped carbon supported 

Co nanoparticles, due to the low capacity of the support to disperse large amounts of 

Co atoms
[36]

. However, cobalt-doped ZIF-8 (containing mainly Zn
2+

 nodes) yields 

N-doped carbons supporting only CoNx sites via pyrolysis (Figure 1.3.A and Figure 
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1.3.B), since the metallic Zn atoms are evaporated away at high temperatures due to 

the low boiling point of Zn (907 °C)
[36]

. The Zn evaporation strategy has also been 

used to synthesize many other MNx single atom catalysts (Fe
2+[37]

, Ni
2+[38]

, and 

Mn
2+[39]

), with the requirement of this method being that the M
2+

 ions can undergo 

ion-exchange with Zn
2+

 ions in ZIF-8 crystals, i.e. the secondary metals have a similar 

atomic diameter and be able to adopt a similar tetrahedral coordination geometry as 

Zn
2+

. 

 

Figure 1.3. Synthesis of metal single atoms on N-doped carbons from MOF 

precursors with metal sites anchored in the node or on the ligand. (A) Synthesis of 

cobalt single atoms on N-doped carbon from a bimetallic Zn,Co-ZIF precursor and (B) 

HAADF-STEM image for the Co-SAC product
[36]

. (C) Single W atoms on N-doped 

carbon obtained from a UiO-66-NH2 precursor with WCl3 adsorbed on -NH2 

functionalities of the organic linker
[40]

. (D) Single Fe atoms on N-doped carbon from 

the pyrolysis of Zr-based porphyrinic MOF with Fe-coordinated in the porphyrinic 

center
[41]

. 

Beyond using simple combinations of metal nodes and commercially available 

organic linkers during MOFs syntheses, modulation of organic linker can lead to 
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greater control over a MOF’s architecture for the fabrication of M-N-C 

electrocatalysts for ORR. Examples of such more exotic organic linkers include 

BPDC with pyridine functionalities
[42, 43]

, BDC with NH2 functionalities
[40, 44]

 (Figure 

1.3.C) and TCPP (tetrakis (4-carboxyphenyl)porphyrin)
[41, 45]

 (Figure 1.3.D). The 

carboxyl group in the end of the organic linker strut can coordinate with metal nodes, 

such as Zr to construct 3D MOF architectures, whilst the open N sites can stabilize 

isolated metal sites or complex metals in the middle of the strut. The coordination 

between the metal precursor and the functional sites in MOFs greatly reduces the 

potential for aggregation and the formation of metal nanoparticles during pyrolysis. 

Accordingly, N-doped carbons rich in single metal atom sites can readily be produced 

via the pyrolysis of such functional MOF precursors, especially when a low 

concentration of metal is introduced. 

 

Figure 1.4. Schematic showing the different approaches used in the synthesis of metal 

atom sites on N-doped carbon by the pyrolysis of ZIF precursors, wherein the metal 

precursor is accommodated in different ways. (A) Fe(Acac)3 trapped in the pores of 

ZIF crystals
[46]

. (B) Pd nanoparticles assembled in ZIF crystals
[47]

. (C) Metal ions 

adsorbed on a tannic acid coordination polymer shell around a ZIF crystal core
[48]

. (D) 

MnCl2 adsorbed on ZIF-derived carbon
[39]

. 
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Aside from utilizing the intrinsic components of MOFs for M-N-C catalyst 

fabrication for ORR, several universal methods have recently been reported for 

M-N-C preparation based on ZIF-8. These include: 1) “pore confinement” to 

accommodate a metal precursor into the pores of a ZIF-8 crystal (Figure 1.4.A), when 

the size of guest molecule is slightly smaller than the host pore size
[46, 49]

. 2) metal 

nanoparticles (NPs) to metal single atoms conversion
[47, 50]

. This utilizes the tendency 

of metal nanoparticles to release metal atoms into atomic metal sites on ZIF-8-derived 

N-doped carbons at high temperatures (Figure 1.4.B), since MN4 sites (M= Pd, Pt, Au) 

are thermally more stable than metal nanoparticles. 3) introduction of functionalized 

polymers (Figure 1.4.C), such as tannic acid coordination polymer coatings
[51]

. The 

polymer coating and the ZIF-8 core then both undergo pyrolysis, yielding hollow 

capsules rich in MNx sites. The method has been successfully used to prepare SACs 

containing up to three different types of metal; 4) ZIF-8-derived N-doped carbons 

(Figure 1.4.D), which retained the high surface area, pore structure and N content of 

the precursor, thus allowing the post-synthetic adsorption of metal cations on the 

N-doped carbon support with an open pore structure
[39]

. All of these strategies are 

based around ZIF-8, though potentially could be expanded to other N-containing 

MOF systems. 
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1.3 Control over MNx active sites in M-N-C materials 

1.3.1 Reactivity descriptors of M-N-C materials for ORR 

ORR involves two possible reaction pathways, a two-electron pathway with H2O2 

as the main product, and a four-electron pathway to produce H2O
[52]

. H2O2 can be 

damaging to fuel cell systems, thus the two-electron pathway should be avoided. 

Hence, metal, N co-doped carbon (M-N-C) catalysts need to be fabricated that 

selectively drive the desirable four-electron pathway
[53]

. There are two mechanisms 

proposed in the four-electron pathway, denoted as the associative or dissociative 

mechanisms
[54]

. Considering the relatively high oxygen dissociation barrier on MN4 

sites, the associative mechanism is more typical for M-N-C materials
[55]

. The 

simplified associative ORR mechanism is described by Equations 1-5 in basic media 

or Equations 6-10 in acidic media. Generally, the O2 molecule is firstly adsorbed on 

the catalyst surface to form activated O2*, followed by the successive addition of four 

electrons and four protons (H
+
) over 4 steps, with the reaction proceeding via OOH*, 

O*, and OH* intermediates. 

In basic media: 

O2 (g) + *→ O2* (ΔG1)                          (1) 

O2*+ H2O (l) + e
-
 → OOH* + OH

-
 (ΔG2)            (2) 

OOH* + e
-
 → O* + OH

-
 (ΔG3)                    (3) 

O* + H2O (l) + e
-
 → OH* + OH

-
 (ΔG4)             (4) 

OH
*
 + e

-
 → OH

-
 + * (ΔG5)                       (5) 
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In acidic media: 

O2 (g) + *→ O2* (ΔG1)                          (6) 

O2*+ H
+
 + e

-
 → OOH* (ΔG2)                     (7) 

OOH* + H
+
 + e

-
 → O* + H2O (l) (ΔG3)             (8) 

O* + H
+
 + e

-
 → OH* (ΔG4)                       (9) 

OH
*
 + H

+
 + e

-
 → H2O (l) + * (ΔG5)                (10) 

Here, * represents the catalytic active site. The adsorption free energy (ΔGads) for 

the formation of the intermediates serves as an indicator of the reaction barriers that 

control overall ORR kinetics. The intermediate with the highest adsorption free 

energy is the rate-determining step for ORR. According to Sabatiers principle
[56]

, the 

optimum catalyst for a reaction will be that with an intermediate binding energy for 

the key intermediate(s). Catalysts with weaker or stronger adsorption energies than 

the optimum for the ORR intermediates will result in lower ORR activity. 

 
Figure 1.5. (A) pH-dependent potentials at a current density of 0.1 mA cm

-2
 (iR-free); 

(B) Schematic illustration for the inner-sphere and outer-sphere electron transfer ORR 

mechanisms in alkaline media. 

Generally, the ORR kinetics of M-N-C catalysts is faster in alkaline electrolytes, 

A B
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with a lower Tafel slope realized at high pH range (pH > 9) (Figure 1.5.A). The 

pH-dependent kinetics relates to the fact that adsorbed hydroxyl species (OHads) can 

interact with solvated O2 molecules through noncovalent hydrogen bonding 

interactions, thereby producing key intermediates (i.e. HO2
-
ads) on the path to 

hydroxide ions (Figure 1.5.B)
[57]

. For ORR in alkaline electrolytes, the HO2
-
ads can be 

easily reduced to OH
-
 (the four-electron-pathway products), due to the efficiency of 

the hydrogen peroxide reduction reaction. In contrast, hydrogen peroxide reduction in 

acid electrolytes is kinetically slow. Differences in the hydrogen peroxide reduction 

kinetics are the main reason for the lower Tafel slopes and the more facile ORR 

processes in alkaline electrolytes
[26]

. 

 

Figure 1.6. (A) Linear correlation between the M
III

/M
II
 redox potential of a metal 

macrocyclic complex and the binding energy of O2 to the M
II
 metal center. (B) 

Volcano plot between the binding energy of O2 to the M
II
 metal center and ORR 

activity in 0.1 M NaOH for different MN4 catalysts adsorbed on pyrolytic graphite
[58]

. 

Zagal et al.
[58]

 established a linear correlation between the M
III

/M
II
 redox potential 

of MN4 moieties (in macrocyclic complexes) and the M-O2 binding energies during 

ORR (Figure 1.6.A). Thus, the M
III

/M
II
 redox potential of MN4 moiety is a reactivity 

descriptor for ORR. For MN4 sites adsorbed on pyrolytic graphite (i.e. M-N-C 
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materials), a volcano plot relationship was established between the ORR activity and 

M-O2 binding energies (Figure 1.6.B). To optimize the ORR activity of M-N-C 

materials, the M
III

/M
II
 redox potential ought to occur in a suitable window. For 

example, O2 adsorption on FeN4 centers is situated in the strong binding side of the 

maximum in Figure 1.6.B. If a weaker Fe-O2 binding energy was achievable from a 

modified FeNx coordination, the ORR performance is expected to be improved. 

Optimization of the electronic properties of Fe centers to achieve an O2 binding 

energy near the apex in the ORR activity volcano plot is a prudent strategy for 

maximizing ORR activity. Approaches include 1) substitution of metal center, which 

is the key factor in determining the M
III

/M
II
 redox potential and thus the binding 

energy of central metal sites to ORR intermediates. However, FeN4 is near optimal for 

ORR; 2) modification of MNx structures, i.e. the coordination number of the metal 

atom (e.g. MN5, MN3, MN2) as well as the type of nearest neighbor configuration, 

which can modulate the electronic structure of central metal (e.g. replacing N with 

different electron donors such as S, P or B, or introducing axial ligands on the metal 

site); 3) Doping the carbon matrix with electron donating or electron withdrawing 

heteroatoms, which also affects the electronic structure and charge transfer abilities of 

the central metal to some extent.  
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1.3.2 The nature of FeN4 sites in Fe-N-C materials 

 

Figure 1.7. Local coordination environment of FeN4 moiety determined by XAS 

analysis. Fe K-edge EXAFS fitted results at R space for a Fe single atom catalyst 

(Fe0.5: 0.5 wt.% of Fe atoms in the precursor). (A) FeN4 moiety with one axial oxygen 

atom, and (B) FeN4 moiety with two axial oxygen atoms. Fe K-edge XANES fitted 

results of Fe0.5. (C) FeN4C12 moiety with two O2 molecules adsorbed in an end-on 

mode, and (D) FeN4C12 moiety with one O2 molecule adsorbed in a side-on mode
[16]

. 

(E) Molecular model structure of (phen2N2)Fe. (F) Fe K-edge XANES spectra for 

Fe-N-C and model compounds [(OEP)Fe]2O, [(Pc)Fe]2O, [(phen2N2)Fe]2O
[59]

. (G) 

Operando Fe K-edge XANES spectra for Fe0.5 measured as a function of the 

electrochemical potential in a N2-saturated 0.5 M H2SO4 electrolyte (The inset shows 

differential Δµ XANES spectra obtained by subtracting the normalized spectrum at 

every potential from the spectrum recorded at 0.2 V vs. RHE). (H) Fe K-edge XANES 

spectra for Fe0.5 measured as a function of the saturating gas (O2 or N2) at either 0.2 V 

vs. RHE or 0.8 V vs. RHE
[60]

. (I) Three possible structural models for the Fe-N 

switching behavior on three model Fe-N-C catalysts
[61]

. 

To date, Fe-N-C materials afford the highest ORR activity among M-N-C materials, 
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wherein the FeNx sites are regarded as the active sites for ORR. X-ray absorption 

spectroscopy (XAS) is a powerful technique for probing the local coordination 

environment of FeNx sites. In most reported Fe-N-C materials, the central Fe atoms 

are coordinated by four nitrogen atoms with a Fe-N bonding distance around 2.0 Å 

(Figure 1.7.A and Figure 1.7.B), close to that of iron(II) phthalocyanine (FePc, 1.96 

Å)
[16, 20, 62, 63]

. X-ray absorption near-edge structure (XANES), which involves the 

study of absorption edge positions and spectral shapes, is sensitive to the valence 

states and local coordination geometry of the central metal atom sites in M-N-C 

catalysts. By comparing the experimental Fe K-edge XANES spectra of Fe-N-C 

materials and calculated XANES spectra for model structures (Figure 1.7.C and 

Figure 1.7.D), Jaouen et al.
[16]

 established that a pyridinic-N coordinated FeN4C12 

moiety could closely reproduce the Fe K-edge XANES spectrum of a Fe-N-C catalyst 

(Fe0.5, 0.5 wt.% of Fe atoms in the precursor). Surendranath et al.
[59]

 discovered that 

the fingerprint peak positions in the Fe K-edge XANES spectrum of typical Fe-N-C 

materials closely resembled those of the pyridinic hexaazacyclophane macrocycle, 

[(phen2N2)Fe]2O (Figure 1.7.E and Figure 1.7.F). These analyses suggest that the 

FeN4 sites in Fe-N-C material possess a pyridinic-N coordination. It should be pointed 

out at this point that XAS provides an average over all detected Fe sites with most 

samples, likely possessing a diverse local FeNx coordination (i.e. varied coordination 

numbers of the first shell), as well as altered spin state of the central iron atoms, 

thereby substantial changes to the XANES spectral shapes. Also, the local 

coordination environment of FeNx sites in Fe-N-C materials will vary slightly 
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between different research groups (even when the same synthesis method is used), 

making the pinpointing of the best local FeNx coordination for ORR more 

challenging. 

In situ Fe K-edge XANES experiments were conducted to gain a deeper 

understanding of the potential-dependent behavior of FeN4 sites during ORR. At an 

applied potential of 0.2 V to 1.0 V vs. reversible hydrogen electrode (RHE), the 

absorption edge of Fe0.5 XANES spectra steadily shifted to higher photon energies 

(Figure 1.7.G), indicating an increase in the oxidation state of the Fe centers from +2 

to +3
[60]

. The same XANES spectral changes were observed in both O2-saturated and 

N2-saturated electrolytes (Figure 1.7.H), implying a potential-dependent behavior of 

the central Fe atoms during ORR (i.e. with the adsorption of O2 or oxygen 

intermediates having only a minor effect). The potential-dependent behavior of 

Fe-N-C materials has been confirmed by a number of in-situ XAS studies
[20, 49, 63]

. 

Mukerjee et al.
[61]

 found that different Fe-N-C materials prepared by different 

methods (Figure 1.7.I) had a range of Fe-N bond distances and different Fe
3+

/Fe
2+

 

redox potentials, suggesting the Fe bonding configuration was important. A Fe-N-C 

catalyst, with the central Fe
2+

 atoms initially out of N4 planes, underwent significant 

change with potential sweeping, with the iron atom moving into the N4 plane with 

Fe
3+

 formation, as evidenced by the decreased Fe-N bond distances and a higher 

Fe
3+

/Fe
2+

 redox potential. Fe-N-C catalysts with a high Fe
3+

/Fe
2+

 redox potential of 

Fe-N-C catalyst generally show good ORR performance. 
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1.3.3. Effect of MNx configuration 

 

Figure 1.8. Variation in the configuration of FeN4 sites, e.g. bulk-hosted/edge-hosted 

and in-plane/off-plane FeN4 sites. (A) HAADF-STEM image of a Fe-N-C material 

with zigzag edge hosted FeN4 site. (B) Fuel cell polarization plots for a Fe-N-C 

material with edge-hosted FeN4 site and Pt/C
[19]

. (C) The structural model for an 

edge-hosted FeN4 site with adjacent pore defects. (D) Free energy diagram for the 

reduction of O2 to H2O for a bulk FeN4 site, defective bulk FeN4 site, zigzag FeN4 site 

and defective zigzag FeN4 site. Reproduced with permission
[64]

. (E) The structural 

models for FeN4 sites achieved at different pyrolysis temperatures. (F) 

Fourier-transformed Fe K-edge EXAFS spectra for Fe-N-C materials with different 

FeN4 geometries. (G) Calculated charge density distribution of the fully relaxed and 

Fe-N bond 2% contracted FeN4 site
[65]

. 

A diversity of MNx sites can exist in M-N-C materials, differing in their location in 

the carbon matrix and local geometry
[65]

. Piotr et al.
[19]

 first proposed that the 

edge-hosted FeN4 sites were the main contributor to the high ORR performance of the 
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Fe-N-C materials developed in their group. HAADF-STEM (Figure 1.8.A) image 

revealed directly atomically dispersed Fe atoms positioned at exposed carbon 

basal-plane edges and steps in the Fe-N-C material. In a 1.0 bar H2-air fuel cell test, 

the edge-hosted Fe-N-C material delivered the same current densities in the kinetic 

region of cathode operation (>0.75 V), as a fuel cell constructed with a Pt/C cathode 

(0.1 mgPt cm
-2

) (Figure 1.8.B). Further studies indicated that the edge-hosted FeN4 

sites were more likely to be formed on the margin of the pores in the carbon matrix 

(Figure 1.8.C)
[64, 66, 67, 68]

. DFT calculations also added further evidence for the high 

activity of edge-hosted FeN4 sites
[64]

. As shown in Figure 1.8.D, the binding of O2* 

and OOH* was endothermic on the bulk-hosted FeN4 model, whilst all steps were 

exothermic and down-hill on the other three edge-hosted FeN4 models. This indicates 

optimized adsorption/desorption energies for ORR intermediates on the edge-hosted 

FeN4 site. 

Additionally, the geometry of FeN4 sites changes in Fe-N-C materials as a function 

of the pyrolysis temperature used in their synthesis. Wu et al.
[65]

 found that the central 

Fe atom in FeN4 sites gradually moved away from the N4 plane with increasing 

pyrolysis temperatures up to 1100 ºC (Figure 1.8.E). The geometry changes in the 

FeN4 site resulted in the shortening Fe-N bond distances in Fe K-edge R-space 

EXAFS plots as the pyrolysis temperature increased (Figure 1.8.F). The small degree 

of Fe-N bond contraction allowed greater charge transfer from Fe atom to the adjacent 

N atoms, and weaker adsorption of ORR intermediates by the central Fe atoms 

(Figure 1.8.G). For the Fe-N-C obtained at 700 ºC, its out-of-plane FeN4 sites with a 
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small degree of Fe-N bond contraction were identified as sites with optimal ORR 

performance (onset potential (Eonset) of 0.98 V vs. RHE, half-wave potential (E1/2) of 

0.84 V vs. RHE, 0.5 M H2SO4), even though contraction strain about FeN4 is not 

energetically favorable for the catalyst. The N coordination number can also be varied 

to form defective MNx (x = 2, 3, or 5) sites, leading to central metals with different 

electronic structures and different ORR activities
[23, 36, 69, 70, 71]

. However, it remains 

unclear whether MNx (x = 2, 3, or 5) structure with nitrogen vacancies or excess 

nitrogen relative to the traditional FeN4 coordination can enhance ORR activity. 

1.3.4 Synergistic effect of heteroatom dopants 

 

Figure 1.9. P-doped and/or S-doped Fe-N-C materials. (A) Linear relationship 

between OH* binding energy and Bader charge of central Fe atom in a FeN4 site, 

P-doped FeN4 site and S,P co-doped FeN4 site. (B) Free energy diagram of the oxygen 

reduction reaction (ORR) on a FeN4 site, P-doped FeN4 site and S,P co-doped FeN4 

site. (C) Kinetic current density (Jk) and half-wave potential (E1/2) for 

Fe-SAs/NPS-HC and the control samples
[72]

. (D) Effect of the amount of charge 

transfer from the S-doped functional groups to the d-band center of the Fe site, and 

the relationship between the adsorption energy of various intermediates and the 

d-band center of Fe site. (E) Plot for the kinetic activity of ORR catalysts as a 

function of the electron donating/withdrawing properties of a Fe-N-C material 

incorporating S dopants, and the corresponding ORR activities
[73]

. 
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Heteroatom dopants can be introduced into M-N-C materials via directly 

substituting the neighboring atoms of the central metals in the MN4 moieties
[74, 75]

, or 

alternatively by randomly introducing atoms within the carbon skeleton
[72, 76]

. 

Heteroatom doping induces charge redistribution at the central metal by 1) acting as a 

coordination atom or 2) modulating the long-range electronic structure of the support. 

This modulation results from the different atomic size and electronegativity of 

heteroatom dopants compared to the N and C atoms typically in Fe-N-C materials. 

The variability (i.e. general lack of control) of heteroatom doping in Fe-N-C materials 

often makes it challenging to establish a direct relationship between heteroatom 

doping effects and ORR activity. 

Several works have demonstrated that introducing S or P dopants into M-N-C 

materials is beneficial for ORR
[75, 76, 77, 78, 79, 80, 81, 82]

. For Fe-N-C materials, the 

introduction of electron-donating S or P dopants in the carbon support imparts more 

negative charge on the N atoms and less positive charge on the central Fe atoms, thus 

weakening the binding energy of Fe centers towards ORR intermediates. This 

promotes the release of OH* from central Fe sites in the last electron transfer step of 

ORR, thus accelerating the overall ORR process. Li et al.
[72]

 demonstrated that 

co-doping S and P was more effective in lowering the positive charge on central Fe 

sites than P-doping or S-doping alone. According to the DFT calculation of Bader 

charge on the central Fe sites, the S, P co-doped Fe-N-C material had the lowest 

binding energy for OH* among the three sites (Figure 1.9.A and Figure 1.9.B), thus 

offering the best ORR performance (Figure 1.9.C). This work highlighted the 
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contributions of heteroatom dopants located adjacent to the FeN4 sites. Chen et al.
[74]

 

reported that P dopants neighboring the central Fe atoms (FeN3P sites) can directly 

modulate the electronic structure of Fe atoms to enable a new ORR reaction pathway, 

i.e. two O2 molecules adsorbing on different sides of the planar FeN3P unit. Lee et 

al.
[73]

 studied the effect of withdrawing/donating S dopants on the Fe site in Fe-N-C 

materials. DFT results (Figure 1.9.D) indicated that oxidized sulfur atoms can 

decrease the d-band center of iron by withdrawing electrons, leading to the weaker 

adsorption of ORR intermediates, and thus facilitating ORR. This was supported by a 

volcano plot (Figure 1.9.E) established between ORR activity and the ratio of 

oxidized S and thiophene-like S, where an increased content of oxidized S increased 

ORR activity, whilst more thiophene-S species lowered ORR activity. Other factors 

like the sulfur content also influence the ORR performance of S-doped M-N-C 

materials. Too high of a sulfur content results in carbon materials with poor 

conductivity and lower performance
[83]

. Thus, many different factors need to be 

considered when attempting to utilize the S-doping effect for improved ORR activity. 

1.3.5 Synergy of dual metal sites 

In addition to modification of the atoms neighboring the central metals, the central 

metals themselves can also be varied in number, from single metal sites to dual metal 

sites located adjacently on the N-doped carbon support. Such dual metal sites not only 

possess porphyrin-like coordination geometries, but also benefit from synergistic 

effects arising from metal-metal interactions and charge polarization similar to metal 

alloys. The d-d orbital hybridization between adjacent metal sites, different from p-d 
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orbital hybridization between metals and coordinating heteroatoms (N, S, P), offers a 

novel way of modulating the electronic structure of both metals. Furthermore, both 

metal sites can serve as active centers during ORR, leading to new reaction pathways 

with lower reaction barriers. Various dual metal sites have been reported with 

enhanced ORR performance, including Pt-Co
[84]

, Fe-Co
[85, 86, 87, 88, 89]

, Fe-Mn
[90, 91]

, 

Fe-Fe
[92]

, Co-Co
[93]

, Co-Ni
[94]

 and Zn-Co
[95, 96]

. 

 

Figure 1.10. Fe-Co and FeMn dual-atom catalyst. First-derivative Fe K-edge XANES 

spectra for (A) FeNx/C catalyst and (B) FeCoNx/C catalyst under in-situ ORR 
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conditions. (C) Proposed ORR mechanism for a FeCoNx/C catalyst. (D) ORR linear 

sweep voltammetry (LSV) curves for catalyst FeNx/C, CoNx/C, FeCoNx/C and 

commercial Pt/C
[89]

. Magnetic susceptibility data for (E) Fe,Mn/N-C and (F) 

Fe/N-C
[91]

. 

As a representative example, consider Fe-Co dual-atom sites (FeCoN5) as a new 

type of active site with optimized structure for ORR
[89]

. In-situ Fe K-edge XAS results 

(Figure 1.10.A and Figure 1.10.B) demonstrated that Fe
2+

 site was the dominant iron 

state in the FeCoN5 catalyst up to 0.8 V, whereas almost negligible Fe
2+

 was found for 

the FeNx catalyst at 0.4 V. This indicates that the FeCoN5 catalyst had a higher 

Fe
3+

/Fe
2+

 redox potential than FeN4 sites during ORR. Also, instead of adopting an 

end-on O2 adsorption configuration at the Fe single-atom sites, the binuclear site of 

FeCoN5 catalyst promoted a bridging-cis O2 adsorption configuration, making the 

O-O bond easier to cleave (Figure 1.10.C). These advantages resulted in FeCoN5 

being a much more active catalyst site than FeN4 sites, displaying an Eonset of only 

1.02 V and an E1/2 of 0.86 V (vs. RHE) in 0.1 M HClO4 (Figure 1.10.D). Zhang et 

al.
[91]

 reported that the neighboring MnN4 sites can activate the spin state of Fe
III

 sites, 

i.e. changing from low spin state (t2g5 eg0) to intermediate spin state (t2g4 eg1). As 

evidenced by the magnetic susceptibility results (Figure 1.10.E and Figure 1.10.F), 

the effective magnetic moment for Fe,Mn/N-C and Fe/N-C was 3.75 µeff and 2.16 µeff, 

thus corresponding to the number of unpaired d electron (n) of Fe
III

 ion to be 1 and 0, 

respectively. The one eg electron filling of the central Fe sites in Fe,Mn/N-C allows 

the penetration of the antibonding π-orbital of O2 easily, thereby delivering an E1/2 of 

0.804 V and 0.928 V vs. RHE in 0.1 M HClO4 and 0.1 M KOH, respectively. 
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1.3.6 M-N-C materials containing different metal centers 

 

Figure 1.11. Fe-free non-noble M-N-C materials, e.g. Co-N-C with high stability and 

Sn-N-C with high activity. (A) ORR polarization plots for different Co(mIm)-NC 

catalysts. (B) Normalized current density at a voltage of 0.85  V after voltage-step 

cycling (0.4  V for 55  min and 0.85  V for 5  min) for 50  h (cycles). (C) Comparison 

of CO2 emissions from fuel cell cathodes with the Co(mIm)-NC(1.0) and 

Fe(mIm)-NC(1.0) catalysts. (D) ICP-OES and RRDE (E1/2) results of the metal 

leaching experiments
[97]

. (E) HAADF-STEM image and the corresponding local 

chemical environment near the Sn atom identified by red arrows as probed by EELS. 

Sn K-edge XANES experimental spectra of SnNC, SnO and SnO2. Sn K-edge 

EXAFS analysis in the Fourier-transformed space of SnNC. Metal, nitrogen (or 

carbon) and oxygen atoms are represented in purple, blue and red, respectively. (F) 

The Ohmic-loss (iR)-corrected polarization curves presented as Tafel plots for SnNC, 

CoNC and FeNC as well the NH3-activated ones
[98]

. 
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Consistent to the volcano plot introduced in Figure 1.6.B, the ORR activity of 

M-N-C catalysts generally follows the order Fe > Co > Mn > Cu > Ni
[99]

. However, 

Fe-N-C materials suffer from severe activity degradation in practical PEMFCs tests, 

particularly at high voltages above 0.6 V
[100]

. This activity loss can be attributed to: 1) 

N-doped carbon corrosion leads to the demetallization of metal active sites, also 

increases charge and mass transport barriers
[101]

; 2) Fe cations can participate in the 

Fenton reaction via a two-electron pathway to generate H2O2
[102]

. The 

oxygen-containing hydroxyl radical and hydroperoxyl radical resulting from H2O2 

decomposition can degrade the Nafion ionomer in the polymer membrane of the 

PEMFCs. 

Among Fe-free M-N-C materials, Co-N-C materials displayed the most comparable 

activity to Fe-N-C, but generally also afforded improved stability
[6, 36, 88, 97, 103, 104, 105]

. 

Shao et al.
[97]

 reported a Co-N-C catalyst pyrolyzed from the ZIF-8 crystals with 

Co(acac)3 molecules encapsulated in the micropores, which ensured the low mobility 

of Co atoms and avoided Co nanoparticle aggregation. With an optimized Co single 

atom loading of 1 at.%, the Co(mIm)-NC(1.0) catalyst exhibited a high E1/2 of 0.82 V 

in 0.1 M HClO4 electrolyte (Figure 1.11.A). Further, the fuel cell using the 

Co(mIm)-NC(1.0) cathode catalyst displayed remarkable stability with 50% of the 

current density retention at 0.85 V after 50 hour test, much higher than that of the 

Fe(mIm)-NC(1.0) MEA (<5%) (Figure 1.11.B). The enhanced durability of the 

Co(mIm)-NC(1.0) MEA was attributed to two factors, 1) the low activity of Co ions 

for Fenton reactions alleviated the oxidation by radicals. This was verified by the 
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much lower cathode CO2 emissions in the MEA studies observed for the 

Co(mIm)-NC(1.0) cathode than for the Fe(mIm)-NC(1.0) cathode (Figure 1.11.C). 2) 

the stable CoNx structure is resistant to Co demetallation under fuel cell working 

conditions, i.e. 80 ºC, O2 atmosphere. ICP-OES was applied to quantify the amount of 

metal leached from Co(mIm)-NC(1.0) cathode and Fe(mIm)-NC(1.0) cathode. As 

shown in Figure 1.11.D, the Co leaching in the Co(mIm)-NC(1.0) cathode was quite 

low and about 3 wt.% under both Ar and O2 atmospheres at 25 ºC, and a lightly 

increase to 7.3 wt.% at 80 ºC. Instead, Fe(mIm)-NC(1.0) cathode is very sensitive to 

temperature and atmosphere, with a Fe leaching of 40 wt.% at 80 ºC under an O2 

atmosphere. 

Besides Co-N-C which shows enhanced durability over Fe-N-C, Sn-N-C
[98]

 was 

discovered to show even higher activity relative to Fe-N-C synthesized using the 

similar procedures. STEM, EELS and XAS results (Figure 1.11.E) determined that 

the Sn atoms in the Sn-N-C material were atomically dispersed over the carbon matrix, 

in four nitrogen coordination environment, i.e. SnN4 sites. In a 2 bar H2-O2 fuel cell, 

the SnNC catalyst displayed higher current densities than FeNC and FeNC-NH3 

(ammonia activated FeNC) by 40-50% at cell voltages below 0.7  V (Figure 1.11.F). 

Other transition metals, such as Mn
[39, 106, 107, 108]

, Cr
[109]

, Zn
[110]

, and Cu
[111, 112, 113, 114]

 

are less active for the Fenton reaction, thus are being explored as practical alternatives 

to Fe-based ORR catalysts. By optimizing the densities of metal sites (Mn: 3.0 wt.%, 

Cr: 2.6 wt.%), Mn-N-C
[39]

 and Cr-N-C
[109]

 materials can deliver ORR half-wave 

potentials (E1/2) of 0.80 V and 0.77 V, respectively, in acidic media. Certain noble 
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metal single atoms in porphyrin-like coordination (MN4) also offer high ORR 

activities at low noble metal contents. For example, Ir-N-C
[115]

 and Ru-N-C
[116]

 

catalysts (Ir: 0.2 wt.%, Ru: 0.4 wt.%) were shown to afford ORR E1/2 of 0.85 V and 

0.82 V, respectively, in 0.1 M HClO4. Also, Mg single atom sites with a two N atom 

coordination were found to have a d-band center close to Fermi level, thus endowing 

Mg-N-C catalysts with a high E1/2 of 0.91 V in 0.1 M KOH
[117]

. 

1.4 Improving site densities of MN4 sites in M-N-C materials 

The pyrolysis synthesis of M-N-C materials involves simultaneous formation of 

iron single atom active sites (and sometimes nanoparticles also) and the N-doped 

carbon support. As demonstrated by the examples above, the activity of atomically 

dispersed M sites for ORR is closely linked to the chemical (iron coordination 

environment) and structural properties (microporosity) of the support, both of which 

control MN4 dispersion and active site accessibility. Carbons with high specific 

surface area and pore volumes enable better dispersion of iron single metal sites, 

avoiding the undesirable aggregation of the active iron in the form of iron 

nanoparticles or iron-carbide species
[118]

. Also, the utilization of MN4 sites during 

ORR is greatly influenced by the location of MN4 sites in the carbon support. It is 

intuitive that MN4 moieties on or near the external surface of the carbons will be more 

accessible for ORR, whilst those buried deep in the carbon matrix will have limited 

activity
[25, 119]

. Thus, it is crucial to engineer M-N-C materials with a high density of 

exposed surface MN4 sites. 
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1.4.1 Quantification of the site density of MN4 sites 

 

Figure 1.12. Quantification methods for the site density of MN4 sites. (A) Mössbauer 

spectroscopy data for Fe1.0 (A Fe-N-C catalyst with 1.0 wt.% of Fe atoms used in the 

precursor)
[16]

. (B) CO pulse chemisorption profiles for N-C, Fe-N-C-2HT-1AL, 

Fe-N-C-3HT-2AL, (Fe,Mn)-N-C-3HT-2AL and Mn-N-C-3HT-2AL. (C) CO uptake 

versus ORR catalyst mass activity Im at 0.8 V in 0.1 M HClO4
[25]

. (D) The adsorption 

and stripping process of nitrite (NO2
-
) on the FeN4 site. (E) ORR CV curves, wide 

range baseline scan (avoiding nitrite reduction area) and narrow baseline scan in the 

nitrite reductive stripping region for Fe-N-C catalyst before, during and after nitrite 

adsorption
[26]

. Comparison of (F) surface FeN4 site density (SD) values and (G) 

turnover frequencies (TOFs) at 0.80 VRHE of four Fe-N-C catalysts obtained using 

CO-chemisorption and nitrite electrochemical reductive stripping. The site 

density-ORR turnover frequency maps (SD-TOF ORR reactivity maps) achieved 
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from (H) CO-chemisorption and (I) nitrite electrochemical reductive stripping
[119]

. 

The quantification of MN4 sites can be achieved using various methods, including 

Mössbauer spectroscopy, CO-chemisorption, and nitrite electrochemical reductive 

stripping. Mössbauer spectroscopy provides bulk qualitative and quantitative 

information on the different metal species in M-N-C catalysts. For example, the Fe1.0 

catalyst developed by Jaouen et al.
[16]

 was identified to contain six distinct iron 

species, including square-planar Fe(II)N4 coordination (D1 and D2) and metallic Fe 

species (Fe2N, α-Fe, β-Fe and FexC) (Figure 1.12.A). The content of D1 and D2 in 

Fe-N-C catalyst can be regarded as the total content of FeN4 sites in a Fe-N-C 

catalyst. 

CO-chemisorption involves the physical adsorption of one CO molecule per MN4 

site (M = Fe, Co, Mn, Sn) on the surface of Fe-N-C catalyst, typically at an inert gas 

atmosphere at temperatures of 400-600 ºC
[25]

. As shown in Figure 1.12.B, there was 

no CO adsorption on the metal-free-N-C material, whereas CO uptake was observed 

in the Fe-N-C and Mn-N-C materials. The mass-based surface site density (MSD) of 

MN4 sites was calculated through the amount of CO adsorption uptake: 

𝑀𝑆𝐷 =  𝑛𝐶𝑂 × 10−6 × 𝑁𝐴. 

Where nco (nmol mg
-1

) is the molar CO uptake and NA is the Avogadro’s constant. 

Further, a linear correlation established between the CO adsorption uptake (nco) and 

ORR mass activity (Im, mA cm
-2

) at 0.8 V vs. RHE (Figure 1.12.C), which allows the 

turnover frequency (TOF) to be calculated, i.e. 

𝑇𝑂𝐹𝐶𝑂(@ 0.8 𝑉) [𝑠−1] =  
𝐼𝑚

𝐹×𝑛𝐶𝑂
. Where F is the Faraday constant. 
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Nitrite electrochemical reductive stripping (Figure 1.12.D) is based on the 

chemi-adsorption of one NO molecule per FeN4 site (the NO is obtained by 

decomposition of NO2
-
), followed by the five electron reduction of one adsorbed NO 

per FeN4 site under electrochemical conditions
[26]

 (thus, this method only works for 

Fe-N-C material). Before, during and after the NO2
-
 poisoning experiments, CV 

curves for the Fe-N-C catalyst are collected in an O2-saturated 0.5 M acetate buffer 

over the ORR region and nitrite reductive stripping region (Figure 1.12.E). The 

electrochemical nitrite reduction stripping charge on Fe(II)N4 sites (Qstrip) is 

determined from the difference between the poisoned CV curve and unpoisoned CV 

baseline. The mass-based surface site density (MSD) of FeN4 site was calculated 

using the equation below: 

𝑀𝑆𝐷 [𝑚𝑜𝑙 𝑠𝑖𝑡𝑒𝑠 𝑔−1] =  
𝑄𝑠𝑡𝑟𝑖𝑝[𝐶 𝑔−1]

𝑛𝑠𝑡𝑟𝑖𝑝𝐹[𝐶 𝑚𝑜𝑙−1]
. 

Where Qstrip is the excess charge associated with the stripping peak, nstrip is the 

number of electrons associated with the reduction of one adsorbed nitrosyl per site. 

Based on the difference of the kinetic current between the poisoned and unpoisoned 

Fe-N-C catalysts, the mean TOF can be calculated as follows: 

TOF(@0.8 𝑉)[𝑠−1] =  
∆𝑖𝑘[𝐴 𝑔−1]

𝐹[𝐴𝑠 𝑚𝑜𝑙−1]×𝑀𝑆𝐷[𝑚𝑜𝑙 𝑔−1]
 . 

Where ∆𝑖𝑘 is the difference in the kinetic current at 0.8 V vs. RHE. 

Primbs et al.
[119]

 found that the SD values achieved by CO-chemisorption were 

generally higher than those from nitrite electrochemical reductive stripping 

experiments (Figure 1.12.F and Figure 1.12.G). This is explained by the fact that the 

surface FeN4 sites deep inside micropores are electrochemically inaccessible for 
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NO2
-
/NO molecules, whilst such sites are still accessible for CO gas in dry Fe-N-C 

catalysts. Further, the SD-TOF descriptor maps established from both methods 

(Figure 1.12.H and Figure 1.12.I) showed that the micropore-rich Fe-N-C catalyst 

can accommodate abundant FeN4 sites with a large SD, but with a low TOF. 

Conversely, surface FeN4 sites in mesoporous Fe-N-C catalysts allow ORR to proceed 

very efficiently with a high TOF, but with a low SD. These results motivate the 

engineering of novel carbon supports with optimal micropore and meso/macropore 

structures, to allow a high dispersion of FeN4 sites and facile reactant/product 

transport during ORR, respectively. 
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1.4.2 Control over the MOF precursors for M-N-C synthesis 

 

Figure 1.13. Influence of the pore structure and crystal size of ZIF precursors on the 

pore structure of M-N-C materials. (A) Linear relationship between the specific pore 

volume in a pristine zeolitic imidazolate framework (ZIF) and the ORR activity of the 

resulting carbon material
[120]

. (B) The relationship between the crystal size of ZIF 

precursors, surface area and ORR activity
[121]

. (C) HAADF-STEM images for a 

55%100@30 catalyst
[122]

. (D) TEM images and the schematic charge transport of 

Fe-N-C materials derived from ZIF nanoparticles with different sizes. (E) 

Electrochemical impedance Nyquist curves for Fe-N-C materials derived from ZIF 

nanoparticles with different sizes
[123]

. (F) Mössbauer spectroscopy data for 1.5Fe-ZIF. 

(G) ORR LSV curves for Fe-N-C catalysts with different Fe contents in O2-saturated 

0.5 M H2SO4. (H) Fuel cell performance for 1.5Fe-ZIF under 1 bar H2-O2 

condition
[10]

. 

Introducing physical structure into the carbon support of M-N-C catalysts starts 

with the precursor, then continues through the pyrolysis process
[124]

. For MOF 

templates, the pore structure and size of the pristine metal organic frameworks (MOFs) 

has a large influence on the pore structure of the final carbon materials, thus affecting 
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their ORR performance. Jaouen et al.
[125]

 (Figure 1.13.A) systemically studied the 

correlation between the ORR activity of ZIF-derived Fe-N-C materials and the cavity 

size of the ZIF precursors. Increasing the cavity size in ZIF precursors from 1.16 to 

18.00 Å favored a better dispersion of Fe sites, and a higher specific surface area in 

the resulting Fe-N-C materials, thereby delivering higher ORR activity. A ZIF 

precursor with a cavity size of 18.00 Å, afforded the Fe-N-C material with the highest 

ORR activity (cf. the more commonly used ZIF-8 with a cavity size of 11.10 Å). Wu 

et al.
[121]

 demonstrated that the crystal size of the Fe-doped ZIF precursors (50-1000 

nm) (Figure 1.13.B) was largely retained in the carbonized Fe-N-C materials, with 

the smaller size ZIF crystals yielding Fe,N co-doped carbon nanoparticles with larger 

exposed external surface areas for catalyzing the ORR. However, when the size of 

Fe-doped ZIF precursor was reduced to only 20 nm, the resulting Fe,N co-doped 

carbon nanoparticles were susceptible to aggregation during pyrolysis, thus burying 

active sites and reducing interparticle porosity (which negatively affected ORR 

performance). Fe-doped ZIF crystals with a size of 50 nm were determined to be 

optimal, with the derived Fe-ZIF (50 nm) catalyst offering the highest electrochemical 

surface area (~550 m
2
 g

-1
) and ORR E1/2 of 0.85 V vs. RHE in 0.5 M H2SO4 

electrolyte. Wu et al.
[122]

 further demonstrated that the combination of large ZIF 

precursors (100 nm) and smaller supported ZIF nanoparticles (30 nm) was effective in 

preventing the aggregation of smaller ZIF nanoparticles, thus leading to the Fe-N-C 

carbon products with highly exposed external surface areas for efficient ORR (E1/2 of 

0.86 V vs. RHE in 0.5 M H2SO4 electrolyte, Figure 1.13.C). The size of ZIF 
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nanoparticles also has a great impact on the electron transport when the derived 

Fe-N-C materials were being constructed into devices, with the smaller sized ZIF 

nanoparticles affording a faster electron transport (Figure 1.13.D and Figure 

1.13.E)
[123]

. 

The homogenous distribution of site-isolated Fe atoms in Fe-N-C materials is 

essential for achieving high ORR activity and catalyst durability
[126, 127, 128]

. Wu et 

al.
[10]

 varied the amount of Fe (0-9 at.%) in the ZIF-8 precursors, with 1.5Fe-ZIF (i.e. 

containing 1.5 at.% Fe in ZIF precursor) being optimal for achieving a high loading of 

FeN4 sites (Figure 1.13.F). From CO-chemisorption experiments, the maximum 

mass-based site density (MSDmax) and TOF values for 1.5Fe-ZIF were determined to 

be 1.3×10
20 

site gcat
-1

 and 2.1 e s
-1

 site
-1

, respectively. As a result, the 1.5Fe-ZIF 

displayed a high E1/2 of 0.88 V vs. RHE in an O2-saturated 0.5 M H2SO4 electrolyte 

(Figure 1.13.G). In a 1 bar H2-O2 fuel cell, the 1.5Fe-ZIF cathode electrocatalyst 

delivered a current density of 0.044 A cm
-2

 at 0.87 ViR-free, only 30 mV lower than the 

U.S. DOE activity target (0.90 V) (Figure 1.13.H). 
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1.4.3 Pore-forming templates 

 

Figure 1.14. Improved external surface areas of M-N-C materials achieved by a 

mesoporous-SiO2 protection strategy. (A) Scheme for the synthesis of Co,N-CNF 

using a mesoporous-SiO2 protection strategy
[129]

. (B) Scheme for the synthesis of 

TPI@Z8(SiO2)-650-C with a mesoporous-SiO2 protection strategy. (C) TEM images 

for TPI@Z8-650-C and TPI@Z8(SiO2)-650-C. (D) Tafel plot for determination of the 

ORR activity for TPI@Z8(SiO2)-650-C at 0.9 ViR-free measured under 1  bar H2-O2. (E) 

Correlation between the Fe content and the site density of surface FeN4 site; 
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correlation between the Fe content and the Fe utilization. (F) Correlation between the 

site density of surface FeN4 site and the fuel cell current density achieved at the 

voltages of 0.6 V and 0.8 ViR-free
[129]

. 

To improve the utilization of FeN4 sites in the M-N-C catalysts, mesoporous-SiO2 

protection strategies have proved effective in minimizing the aggregation and fusion 

of carbon nanoparticles during high-temperature pyrolysis treatments. Zhang et al.
[130]

 

demonstrated (Figure 1.14.A) that cobalt-doped ZIF precursors coated with a 

mesoporous-SiO2 shell successfully retained their original morphology on 

transformation to carbon materials by pyrolysis. Following the 

mesoporous-SiO2-protection strategy developed by Zhang et al.
[130]

, Shui et al.
[129]

 

synthesized a TPI@Z8(SiO2)-650-C product with a concave morphology, which 

showed an external surface area increase of about 32%, relative to the dense 

morphology of SiO2-free TPI@Z8-650-C (Figure 1.14.B and Figure 1.14.C). Due to 

the high-density of exposed FeN4 active sites (57 µmol g
-1

), the TPI@Z8(SiO2)-650-C 

catalyst achieved an current density of 22 mA cm
-2

 at 0.9 ViR-free and 47 mA cm
-2

 at 

0.88 ViR-free during 1.0 bar H2-O2 fuel cells tests (Figure 1.14.D), reaching the 2018 

DOE Target for PGM-free catalysts (44 mA cm
-2

 at 0.88 ViR-free). Correlation between 

the Fe content and the SD of FeN4 sites, as well as the SD of FeN4 sites and the ORR 

activity were further explored. As shown in Figure 1.14.E, the increase in the Fe 

content leads to the increase in the SD of FeN4 sites, reaching a saturation of 57 µmol 

g
-1

 for TPI@Z8(SiO2)-650-C at a Fe loading approaching 3 wt.%. However, the Fe 

utilization dropped as the Fe loading increased, then leveled off at ~11%. Results 

conclusively demonstrate that an increased SD of FeN4 sites leads to the increased 
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ORR performance (Figure 1.14.F). 

Traditional templates (SiO2
[131, 132, 133]

, PVP
[134]

, F127
[135]

, etc) have been widely 

applied to introduce mesopores into carbon supports. Feng et al.
[132]

 prepared a 

hierarchically porous Fe-N-C material (SA-Fe-NHPC) by pyrolysis of a complex of 

ZnCl2, FeCl3 and 2, 6-diaminopyridine around SiO2 colloids (12 nm). The 

SA-Fe-NHPC with the optimal Zn
2+

/Fe
3+

 molar ratio possessed a high Fe single atom 

loading of ~1.0 wt.% and abundant mesopores (12 nm), where the Zn atoms served as 

the barriers to prevent the aggregation of Fe atoms to form nanoparticles. Due to the 

densely exposed FeN4 sites, the SA-Fe-NHPC exhibited a high E1/2 of 0.93 V in 0.1 M 

KOH. In addition to creating pores, SiO2 nanoparticles are also capable of minimizing 

the aggregation of Fe atoms to form nanoparticles during high-temperature pyrolysis. 

Jiang et al.
[136]

 demonstrated that during the pyrolysis of an Fe-containing porphyrinic 

MOF, PCN-222(Fe), the presence of SiO2 nanoparticles in the mesopores (3.2 nm) 

enabled the generation of Fe-N-C material with a very high Fe loading of 3.46 wt.%. 

This was attributed to the formation of thermal stable Fe/SiO2 interface, which 

increased the migration energy barrier of Fe atoms and prevented the aggregation of 

Fe nanoparticles. 

Molten salts (e.g. NaCl
[137, 138, 139, 140]

, ZnCl2
[141]

, KCl
[142]

, or a combination 

thereof
[143, 144, 145, 146, 147]

) are efficient pore-forming agents. The interplay between the 

melting temperature (Tmelt) of molten salts and the decomposition temperature of 

organic precursor is the key for the modulation of the porosity of the resulting carbon 

products. For example, Wei et al.
[148]

 used a mixture of ZnCl2 (Tmelt = 390 ºC) and 
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KCl (Tmelt = 749 ºC) to create a “semi-closed” liquid environment over a wide 

temperature range of 390 to 923 ºC for the carbonization of a Fe-containing 

poly(o-phenylenediamine) precursor. The continuous molten reaction environment 

created the salts yielded Fe-N-C materials with a high porosity, high mass yield, and 

high N content, thus delivering an E1/2 of 0.803 and 0.918 vs. RHE in acid and 

alkaline electrolytes, respectively. 

1.4.4 On-surface deposition of FeN4 sites 

 

Figure 1.15. High-density Fe single atom catalysts achieved by a CVD strategy. (A) 

Scheme for the synthesis of FeNC-CVD-750 via a CVD pyrolysis process
[149]

. (B) 

Schematic illustration of the evolution process of Fe ions to FeO4 sites and finally 

FeN4 sites on N-doped carbon. (C) Fe K-edge XANES spectra, (D) 
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Fourier-transformed Fe K-edge EXAFS spectra, and (E) first derivative of the Fe 

K-edge XANES spectra of FeCl2-NC-T (T = 25 ºC to 1000 ºC)
[150]

. (F) CV curves of 

FeNC-CVD-750 and N-C catalysts in an Ar-saturated 0.5 M H2SO4 electrolyte. (G) Fe 

K-edge XANES spectra of FeNC-CVD-750 collected in O2-saturated 0.5 M H2SO4 at 

applied potentials of 0.9 V to 0.5 V. (H) Correlation between the fraction of Fe
3+

 

species and the applied potentials
[149]

. 

Aside from efforts to engineer porosity in the carbon support (typically an N-doped 

carbon support), controlling the location of FeN4 sites is important. Unlike the direct 

pyrolysis of Fe-containing carbon-based precursors, chemical vapor deposition (CVD) 

method involves the evaporation of a metal precursor then depositing it onto a 

substrate (Figure 1.15.A)
[149]

. The generated metal-containing vapor carried by an 

inert gas flow to a downstream location where it is deposited onto the substrate 

(typically an N-doped carbon), leading to the creation of MN4 sites
[114, 149]

. This CVD 

method successfully prevented the undesirable migration and aggregation of metal 

atoms, which inevitably occurs in the traditional high-temperature pyrolysis processes 

when the metal loading is >1 wt.%. The evolution of Fe ions into FeN4 sites on 

N-doped carbon was investigated by in-situ XAS experiments (Figure 1.15.B)
[150]

. Fe 

K-edge XANES, FT-EXAFS spectra and first derivative of XANES spectra of 

different FeCl2-NC-T catalysts (T = 25 ºC to 1000 ºC) (Figure 1.15.C, Figure 1.15.D 

and Figure 1.15.E) revealed the iron existed as adsorbed Fe ions below 300 ºC, then 

being oxidized into FeOx clusters at 300-600 ºC, and finally transformed into FeNx 

sites at temperatures above 600 ºC. By calculating the area of Fe
3+

/Fe
2+

 redox peaks 

(Figure 1.15.F), the SD of FeN4 site in FeNC-CVD-750 was determined to be 2×10
20 

sites·g
-1[149]

. Remarkably, the FeN4 content with respect to the total Fe sites (UFe) was 

~90%, and with the accessible FeN4 sites measured with respect to the total FeN4 sites 
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(UFeN4) being 100%. Further, the Fe
3+

/Fe
2+

 redox potential determined from in-situ 

XAS was consistent with that observed in the CV curve, consistent with an abundance 

of accessible FeN4 sites in FeNC-CVD-750. Due to the high UFe and UFeN4, the 

FeNC-CVD-750 catalyst exhibited a high ORR E1/2 of 0.85 V in 0.5 M H2SO4 

electrolyte. When used a cathode catalyst in a 1 bar H2-O2 fuel cell, the catalyst 

delivered a high current density of 33 mA·cm
-2

 at 0.90 ViR-free. Wu et al. demonstrated 

that the CVD method allowed a gas-solid reaction between 2-methylimidazole vapors 

and a Fe-containing ZnO solid, generating a new MOF topology, i.e. kat phase. 

Compared to ZIF-8, the new kat phase featured with narrower pores, thus assisting the 

confinement of Fe atoms to achieve a high-density of FeN4 sites (26 µmol g
-1

)
[151]

. 
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Table 1.1. Performance comparison of various M-N-C materials for ORR in alkaline 

solution. 

Catalyst MNx site 
Metal loading BET SA 

(m
2
 g

-1
) 

Eonset 

(V) 

E1/2 

(V) 

Fe SAs-N/C-20
[66]

 Edge FeN4 0.20 wt.% 1393 1.0 0.909 

Fe/N-G-SAC
[68]

 FeN4 0.67 wt.% 532 0.98 0.89 

Fe-SAs/NPS-HC
[72]

 
FeN4 on 

S,N-doped 

carbon 

1.54 wt.% - 0.96 0.912 

Fe-N/P-C-700
[74]

 FeN3P 1.03 at.% 828 0.941 0.867 

Fe-SAs/NSC
[75]

 
FeN4 on 

S,N-doped 

carbon 

0.87 wt.% 547 1.00 0.87 

FeCl1N4/CNS
[76]

 FeN4Cl 1.5 wt.% - 1.02 0.921 

Fe-ISA/SNC
[78]

 FeN2N2 0.947 wt.% - 0.98 0.896 

m-FeSNC
[81]

 FeNx 0.55 wt.% 1483 0.95 0.904 

Fe-NSDC
[82]

 FeN3S 0.32 at.% 1534 0.92 0.84 

FeCo-ISAs/CN
[86]

 
FeN4& 

CoN4 

0.964 wt.% 

0.218 wt.% 

- 
0.995 0.92 

Co,N-CNF
[130]

 CoNx 0.27 at.% 1170 0.878 0.805 

Co SAs/N-C(800)
[36]

 CoN4 1.5 wt.% 1427 0.982 0.881 

Co SAs/N-C(900)
[36]

 CoN2 4.3 wt.% 1394 0.982 0.863 

Cu-N4-C
[111]

 CuN4 1.1 at.% 504 0.9 0.84 

Cu-SA/SNC
[77]

 CuN4 4.5 wt.% 311 0.95 0.893 

Cu-SAs/N-C
[114]

 CuN4 0.54 wt.% 832 0.98 0.895 

Mg-N-C
[117]

 MgN2C2 1.32 wt.% 1094 1.0 0.910 

Commercial Pt/C
[132]

  20 wt.%  1.0 0.85 
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Table 1.2. Performance comparison of various M-N-C materials for ORR in acid 

solution. 

Catalyst MNx site Metal 

loading 

BET 

SA 

(m
2
 g

-1
) 

Eonset 

(V) 

E1/2 

(V) 

Fe-N-C-950
[49]

 Reduced FeN4 0.32 wt.% 1498 0.92 0.78 

FeNx/GM
[64]

 Edge FeN4 0.96 at.% 1070 0.90 0.80 

ZIF-NC-0.5Fe-700
[65]

 
FeN4 with 

Contraction 
1.12 wt.% 396 0.98 0.84 

Fe-N4-C-60
[67]

 Edge FeN4 - 387.1 0.95 0.80 

5% Fe-N/C
[71]

 FeN5 0.39 at.% 1036 0.86 0.735 

FeNC-S-MSUFC-2
[73]

 
FeN4 on S,N 

doped carbon 
0.045 at.% 1180 0.85 0.73 

(Fe,Co)/N-C
[85]

 FeN3- 

CoN4 
- - 1.06 0.863 

Fe/Co-N-C
[88]

 FeN4 

CoN4 

- 807.6 1.0 0.85 

Fe2-N-C
[92]

 Fe2N6 0.38 wt.% 1090 0.95 0.78 

FeCoN5
[89]

 
FeCoN5 1.06 wt.% 

1.12 wt.% 
- 1.0 0.86 

1.5Fe-ZIF
[10]

 FeN4 2.14 wt.% 556 0.98 0.88 

Fe-ZIF-50 nm
[121]

 FeN4 0.45 at.% 614 0.98 0.85 

55%100@30
[122]

 FeN4 0.38 at.% 651 0.95 0.86 

FeSA-G
[127]

 FeN4 7.7 wt.% 670.8 0.95 0.804 

TPI@Z8(SiO2)-650-C
[129]

 FeN4 3.01 wt.% 1648 0.93 0.823 

SA-Fe-NHPC
[132]

 FeN4 1.12 wt.% 1327 0.85 0.76 

FeN4/HOPC-c-1000
[134]

 FeN4 0.33 at.% 1483 0.90 0.80 

FeSA-N-C
[136]

 FeN4 3.46 wt.% 1615 0.95 0.80 

FeNC-CVD-750
[149]

 FeN4 2 wt.% 807 0.95 0.85 

0.17CVD/Fe-NC-kat
[151]

 FeN4 0.28 at.% 216 0.963 0.835 

Fe2-Z8-C
[152]

 FeN4O 3 wt.% 1265 0.902 0.805 

H-Fe-Nx-C
[48]

 FeN4 1.2 wt.% 917 0.95 0.77 

20Co-NC-1100
[103]

 CoN4 0.3 at.% 565 0.93 0.80 

Co-N-C@F127
[104]

 CoN4 1.0 at.% 825 0.93 0.84 
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Co(mIm)-C(1.0)
[97]

 CoN4 0.9 at.% 690 0.93 0.82 

Co-N-C-10
[93]

 Co2N5 4.3 wt.% 853  0.79 

Co-N-PCNF
[105]

 CoN4 0.4 at.% 825 0.95 0.83 

20Mn-NC-second
[39]

 MnN4 3.03 wt.% 658 0.9 0.80 

Mn-N-C-HCl-800/1100
[107]

 MnN4 2.0 wt.% 1511 0.98 0.815 

Cr/N/C
[109]

 Cr-N4 2.6 wt.% 885 0.85 0.773 

Ir-SAC
[115]

 IrN4O 0.2 wt.% 1490 0.97 0.864 

Ru-SSC
[116]

 RuN4O 0.42 wt.% 1362 0.92 0.824 

SnNC
[98]

 SnN4 0.3 at.% 364 0.85 0.73 

Commercial Pt/C
[65]

  20 wt.%  1.0 0.86 
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Table 1.3. Performance comparison of M-N-C catalysts in H2-O2 fuel cells and H2-air 

fuel cells. 

Catalyst 

 

Pmax 

(W cm
-2

) 

1 bar H2-O2 

Pmax 

(W cm
-2

) 

1 bar H2-air 

Current density  

(A cm
-2

) 

1 bar H2-O2 

FeNx/GM
[64]

 0.74 (30 psi) 0.43 - 

ZIF-NC-0.5Fe-700
[65]

 0.73 0.32 0.03@0.9 ViR-free 

Fe-N4-C-60
[67]

 0.74 - - 

(Fe,Co)/N-C
[85]

 0.85 0.505 - 

55%100@30
[122]

 0.75 0.34 0.035@0.9 ViR-free 

TPI@Z8(SiO2)-650-C
[129]

 1.18 (2.5 bar) 0.42 0.022@0.9 ViR-free 

FeN4/HOPC-c-1000
[134]

 0.69 0.42 0.75@0.6 ViR-free 

FeSA-N-C
[136]

 0.68 - 0.463@0.8 ViR-free 

1.5Fe-ZIF
[10]

 0.67 0.36 0.044@0.87 ViR-free 

FeNC-CVD-750
[149]

 - 0.37 0.033@0.9 ViR-free 

0.17CVD/Fe-NC-kat
[151]

 0.70 0.32 0.027@0.9 ViR-free 

Fe2-Z8-C
[152]

 1.14 (2.5 bar) - 0.035@0.9 ViR-free 

H-Fe-Nx-C
[48]

 0.71 0.22 1.55@0.43 ViR-free 

Fe SAs/N-C
[153]

 0.75 0.35 - 

20Co-NC-1100
[103]

 0.56 0.28 - 

Co-N-C@F127
[104]

 0.87 - 0.03@0.8 ViR-free 

Co-N-PCNF
[105]

 0.71 0.4 0.015@0.9 ViR-free 

Co(mIm)-C(1.0)
[97]

 0.64 0.32 0.022@0.9 ViR-free 

20Mn-NC-second
[39]

 0.46 - 0.35@0.6 ViR-free 

Mn-N-C-HCl-800/1100
[107]

 0.6 0.39 - 

2025 DOE Target   0.044@0.9 ViR-free 
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1.5 Objectives and structure of this thesis 

As discussed in this Chapter, it is of paramount importance to develop M-N-C 

electrocatalysts with a high density of accessible metal single atom sites and an 

optimized MNx structure for high-performance ORR catalysis. Therefore, the main 

goal of this thesis was to develop viable and effective strategies to 1) improve the 

density of accessible MNx sites, and 2) tailor the MNx structure for more favorable 

ORR catalysis. Fe-N-C catalysts were the main focus of this PhD research project. 

Chapter 2 describes the various synchrotron characterization techniques and 

electrochemical testing systems used in this research. Full details about the synthesis 

and characterization of the catalysts prepared in this study are provided in Chapters 

3-5. 

Most synthetic approaches for M-N-C materials involve the high-temperature 

pyrolysis (>600 ºC) of MOF or MOF-derived carbons possessing N-atom coordinated 

metal sites. However, during such complex pyrolysis processes, precursor 

carbonization and metal single atom site evolution occur simultaneously, thus leaving 

the evolution process of metal single atom sites a mystery. Accordingly, in Chapter 3, 

the evolution of Zn single atom sites during the pyrolysis of ZIF-8 at temperatures 

ranging from 500 to 900 ºC is systematically explored. The local coordination 

environment of the Zn sites was characterized by Zn L-edge and Zn K-edge XAS, 

with the peroxidase-like activity of the synthesized Zn-N-C catalyst evaluated. 

Chapter 4 explores the synthesis of Fe-N-C catalysts with an abundance of 

micropores and mesopores, thus offering a high site density of catalytically accessible 
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FeNx sites. ZIF-8-derived N-doped carbons typically have a much lower surface area 

(9-596 m
2
 g

-1
) than the parent ZIF-8 crystal (1498 m

2
 g

-1
), owing to the collapse of 

micropores during the pyrolysis stage used in the N-oped carbon synthesis. To 

overcome this problem, a molten NaCl-assisted strategy was developed towards 

Fe/NC-NaCl electrocatalysts rich in micropores and a high FeN4 site density. Briefly, 

during the pyrolysis of ZIF-8 at a high temperature of 1000 ºC, the presence of molten 

NaCl served to preserve the dodecahedron structure and pore structure of ZIF-8, 

leading to a very porous NC-NaCl product. After dissolving the NaCl in water, Fe
3+

 

ions were adsorbed onto the surface of NC-NaCl, yielding a Fe/NC-NaCl 

electrocatalyst, with a high BET surface area and site density of FeN4 sites, and 

outstanding ORR performances in 0.1 M HClO4 and a PEMFC. 

Chapter 5 simplified the two-step synthetic approach to one-step pyrolysis, using a 

mixture of a Fe-containing ZIF precursor and NaCl salts to prepare Fe-N-C materials 

(Fe-ZIF-NaCl). The Fe-ZIF-NaCl with optimal pore structure delivered the highest 

ORR performance in alkaline media and in a primary zinc-air battery. 

Chapter 6 provides and general overview of the main findings of this work, and 

offers some perspectives for future M-N-C research targeting improved 

electrocatalysts for ORR.
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CHAPTER 2 

Catalyst Characterization Methods 

In this PhD thesis, a diverse range of methods were used for the synthesis and 

characterization of Zn-N-C and Fe-N-C catalysts. Full details about the syntheses of 

these catalysts are provided in Chapters 3-5. In this Chapter, we focus on X-ray 

absorption spectroscopy as a technique for probing the local coordination of metals in 

the catalysts, and the electrochemical approaches used to evaluate the oxygen 

reduction reaction (ORR) activity and performance of the catalysts. 

2.1 X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) is a technique which uses X-rays of 

well-defined energies to excite a core electron of an atom into unoccupied states. If 

the X-ray energy is high enough, an electron may be ejected into an unbound state (i.e. 

continuum). The technique requires a synchrotron X-ray source, since the collection 

of XAS spectra typically involves scanning over the X-ray absorption edge of 

particular elements present in a sample, with each absorption edge corresponding to a 

discrete electronic transition (e.g. excitation of a 1s orbital into unoccupied 2p 

orbitals). 

X-rays with “low” energies ranging from 100 eV to 3 keV is defined as soft X-rays, 

and are typically used to study transitions from metal 2s (L1) and 2p (L2, L3) orbitals 

into unoccupied 3d orbitals (producing so-called metal L1, L2 and L3-edge spectra, 



Chapter 2                                              Catalyst Characterization Methods 

69 
 

respectively), or non-metal 1s to 2p transitions (e.g. C, N or O K-edge spectra). 

Taking iron (Fe) as an example of first row transition metal, the transition of 2p3/2 

electrons to unoccupied 3d orbitals and 2p1/2 electrons to unoccupied 3d orbitals gives 

L3-edge and L2-edge features, respectively
[154]

, as shown in Figure 2.1.A and Figure 

2.1.B for Fe2O3. The L3 and L2 features show additional splitting (fine structure) due 

to the ligand field and d-orbital covalency. The intensity of the absorption edge 

signals is proportional to the unoccupied states of d orbitals and partially occupied 

valence orbitals. X-ray absorption spectroscopy data is collected in either partial 

electron yield, total electron yield or fluorescence yield modes, necessitating that the 

data be collected under ultra-high vacuum conditions (Figure 2.1.C). 

 

Figure 2.1. Metal L2,3-edge XAS. (A) Energy level diagrams showing electrons be 

excited from Fe 2p3/2 and Fe 2p1/2 orbitals into unoccupied Fe 3d orbitals, giving rise 

to Fe L3-edge and L2-edge XAS signals, respectively. (B) Fe L2,3-edge XAS spectrum 

of Fe2O3. (C) A photo of soft XAS analysis chamber at the Australian Synchrotron. 

Hard X-ray absorption spectroscopy uses higher X-ray energies, typically ranging 

from 3 to 22 keV. A hard XAS spectrum can be divided into two distinct regions, i.e.  
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X-ray absorption near-edge spectroscopy (XANES, <50 eV above the absorption 

edge) and extended X-ray absorption fine structure (EXAFS, 50-200 eV above the 

absorption edge). In the Fe K-edge XANES spectrum of a Fe foil (Figure 2.2.A and 

Figure 2.2.B), the excitation of a 1s electron into an unoccupied 3d orbital produces a 

pre-edge peak, whilst the excitation of the 1s electron into 4p orbitals or the unbound 

continuum gives rise to absorption edge feature. Beyond the XANES region, the 

electron wave of the emitted photoelectron scatters off the atoms surrounding the 

central absorbing atom, resulting in constructive and destructive interference patterns 

(oscillations) that constitute the EXAFS spectrum (Figure 2.2.C). The EXAFS region 

oscillations depend on the central atom, its coordination and nature of the surrounding 

scattering atoms, thus allowing the local coordination environment (i.e. first and 

second coordination shells) of the central metal atom to be probed. Hard XAS 

experiments are normally conducted at room temperature and in air, with the data 

collected in the transmission mode or fluorescence mode (i.e. excitation of a Fe K 

shell electron into a 3d or 4p orbital leaves a K-shell hole, which is filled by an 

electron dropping down from a nearby orbital (typically a 2p orbital) resulting in 

characteristic fluorescence X-rays being emitted). These experimental-friendly 

measurement conditions allow a range of in-situ XAS experiments to be conducted in 

liquid solutions or under high-temperature and high-pressure conditions (Figure 2.3.), 

making hard XAS and indispensable tool for studying catalytic and electrocatalytic 

reactions. 
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Figure 2.2. Metal K-edge XAS. (A) Energy level diagram show the excitation of Fe 

1s electrons into higher energy orbitals, thus giving rise to a Fe K-edge spectrum. (B) 

Fe K-edge XAS spectrum of Fe foil. (C) Schematic illustration of EXAFS generation 

mechanism. The orange and light blue spheres represent the central and scattering 

atoms, respectively. The black sphere represents the core electron level. 
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Figure 2.3. Illustration of 8C Nanoprobe XAFS beamline at Pohang Light Source-II. 
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2.2 ORR tests in a three-electrode system 

A three-electrode system was used for ORR tests in aqueous electrolytes (e.g. 0.1 

M HClO4 or 0.1 M KOH), as depicted in Figure 2.4.. The system consisted of a Pt 

plate counter electrode, a saturated calomel reference electrode, and a polished glassy 

carbon electrode (modified with catalyst) as the working electrode. The rotating speed 

of the working electrode was controlled by a rotator. An O2 or N2 flow was 

continuously purged into the aqueous electrolyte during the tests. 

 

Figure 2.4. A photo of the three-electrode system used for ORR tests. 

 

Figure 2.5. ORR RDE tests. (A) A photo for a rotating disk electrode (RDE). (B) LSV 

curve for a Pt/C catalyst using a RDE as the working electrode. 
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ORR activity is typically evaluated by linear sweep voltammetry (LSV) under 

rotating disk electrode testing conditions (Figure 2.5.)
[155, 156, 157]

. As shown in Figure 

2.5.B, the LSV curve of a Pt/C catalyst is divided in two regions, i.e. the kinetic 

control region between onset potential (Eonset) and half-wave potential (E1/2), and the 

diffusion control region approaching the limiting current density (Jlimit). Eonset is used 

to evaluate the kinetic activity of an ORR catalyst; E1/2 is used as an indicator when 

comparing the ORR performance of different catalysts; Jlimit reflects the mass 

diffusion rate of the ORR intermediates on the catalyst. 

 

Figure 2.6. ORR RRDE tests. (A) A photo for a rotating ring disk electrode (RRDE). 

(B) LSV curve for a Pt/C catalyst using a RRDE as the working electrode. 

The ORR reaction pathway (two electron or four electron) is determined by rotating 

ring disk electrode (RRDE) tests (Figure 2.6.A). The RRDE has an inner glassy 

carbon disk (0.2472 cm
2
) and an outer Pt ring (6.25 mm ring inner diameter, 7.92 mm 

outer diameter, and a 320 μm ring-disk gap). ORR on the disk electrode can occur via 

two possible pathways (Figure 2.6.B), i.e. the four-electron reduction pathway to 

produce H2O, or the two-electron pathway with H2O2 as the product. H2O2 produced 
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is partially transferred to the Pt ring where it undergoes an oxidation reaction, thus 

generating a ring current (Iring). The electron transfer number (n) and the %H2O2 are 

calculated from the H2O2 collection coefficient at the ring (N), the ring current (IR) 

and the disk current (Id) using the following equations: 

𝑛 =
4𝐼𝐷

I𝐷 + (𝐼𝑅/𝑁)
 

% 𝐻2𝑂2 = 100
2𝐼𝑅/𝑁

𝐼𝐷 + (𝐼𝑅/𝑁)
 

 
Figure 2.7. iR compensation. (A) Predicted resistance and measured resistance as a 

function of the distance between the working electrode (WE) and the reference 

electrode (CE). (B) Comparison of the LSV curves and Tafel slopes measured 

with/without iR compensation. Catalyst: Pt/C, rotation speed: 1600 rpm
[158]

. 

 

It should be noted that the total measured potential (ET) is partially disrupted by the 

Ohmic drop in the testing system
[157]

, influenced by the resistance of electrolyte and 

the distance of the working to reference electrode (Figure 2.7.A). iR compensation is 

a common technique used in the testing process to minimize the Ohmic drop, thereby 

showing the real performance of the catalysts (Figure 2.7.B). 

  

A B
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2.3 ORR tests in a fuel cell device 

 

Figure 2.8. Schematic of a proton exchange membrane fuel cell
[3]

. 

PEMFCs employ two half reactions, including H2 oxidation reaction (HOR) at the 

anode and the oxygen reduction reaction (ORR) at the cathode (Figure 2.8.). The two 

gas diffusion layers, each coated with ORR catalysts or HOR catalysts, are separated 

by a polymer electrolyte membrane (PEM). HOR at the anode produced protons and 

electrons, which travel through PEM and an external circuit, respectively, combining 

at the cathode with O2 to yield H2O. 

HOR: H2 → 2H
+
 + 2e

-
 (E0 = 0 V vs. RHE) 

ORR: O2 + 4e
-
 + 4H

+
 → 2H2O (E0 = 1.23 V vs. RHE) 

Overall reaction: 2H2 + O2 → 2H2O (△E0 = 1.23 V) 
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2.4 ORR tests in a primary Zinc-air battery 

 

Figure 2.9. A photo of three primary Zinc-air batteries connected in series. 

A primary Zinc-air battery is assembled using a Zn plate anode, a carbon paper 

cathode containing an ORR catalyst and an aqueous 6 M KOH electrolyte (Figure 

2.9.). During discharging, the Zn plate is oxidized into Zn
2+

, with the electrons 

generated traveling through an external circuit to the cathode. The Zn
2+

 reacts with the 

OH
-
 in the electrolyte to produce Zn(OH)4

2-
. When Zn(OH)4

2-
 reaches saturation in 

the electrolyte, insoluble ZnO is generated. The electrons arriving at the cathode 

reduce O2 into OH
-
, with the OH

-
 entering the electrolyte. 

Anode: O2 + 2H2O + 4e
-
 → 4OH

-
 (E = 0.4 V vs. SHE) 

Cathode: 2Zn + 4OH
-
 → 2ZnO + 2H2O + 4e

-
 (E = -1.25 V vs. SHE) 

Overall reaction: 2Zn + O2 → 2ZnO (△E = 1.65 V) 

The typical practical voltage output of a primary Zinc-air battery is about 1.3-1.4 V. 

Unlike RDE tests in an aqueous electrolyte, PEMFCs use solid PEMs and thick 

catalyst layers, with the transport of protons and O2 molecules having a much higher 

barrier and lower transportation rate. This set-up difference resulted in differences in 
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ORR activity and stability of electrocatalysts between the RDE experiments and 

PEMFCs tests. Therefore, this demands more rational design of the carbon structures 

with improved mass transport properties, and in-depth understanding of 

electrocatalyst degradation mechanisms
[159, 160]

. In the membrane electrode assembly 

(MEA) of PEMFCs, Pt/C ORR catalysts have a high price and severe durability issues, 

in comparison to the lower production price and high performance of anodic catalysts 

and the solid membrane. Non-precious ORR catalysts in acidic solution generally 

show inferior performance relative to commercial Pt/C electrocatalysts. Compared to 

the well-studied device assembly of PEMFCs, metal-air battery fabrication is more ad 

hoc with problems arising from the durability of the zinc anode (including dendrite 

formation) and the safety of liquid electrolyte. The performance of certain 

non-precious ORR catalysts in alkaline solution have been shown to outperform 

commercial Pt/C
[161]

. 
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CHAPTER 3 

Evolution of Zn(II) Single Atom Catalyst Sites During the 

Pyrolysis-induced Transformation of ZIF-8 to N-doped Carbons  

This Chapter is based on a published paper with the same title 

Science Bulletin 65 (2020) 1743–1751 

Qing Wang, Toshiaki Ina, Wan-ting Chen, Lu Shang, Fanfei Sun, Shanghai Wei, 

Dongxiao Sun-Waterhouse, Shane G. Telfer, Tierui Zhang, Geoffrey I.N. Waterhouse
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CHAPTER 3 

Evolution of Zn(II) Single Atom Catalyst Sites During the 

Pyrolysis-induced Transformation of ZIF-8 to N-doped Carbons 

3.1 Introduction 

Carbon supported metal single atom catalysts (SACs) are finding increasing 

applications in electrocatalysis and chemical energy conversion owing to their high 

activities and near 100% metal atom utilization
[162, 163]

. The central metal atom in 

SACs can be coordinated by a variety of electron donors, including N
[164]

, O
[165]

, C
[166]

, 

S
[79]

, P
[167]

 and combinations thereof. M-N-C SACs (where M is a first, second or 

third row transition metal) are generally accessed by the co-pyrolysis of precursors 

rich in the desired metal, nitrogen, and carbon. Commonly used approaches include 

the adsorption of metal complexes with N-donor ligands onto a porous carbon support 

followed by a pyrolysis step, or alternatively the pyrolysis of metal coordination 

polymers or metal organic frameworks rich in nitrogen and carbon, such as zeolitic 

imidazolate frameworks (ZIFs)
[64, 168, 169]

. However, pyrolysis syntheses make it 

difficult to achieve a high dispersion of single metal atom sites, owing to the tendency 

of the metals to aggregate into nanoparticles at the high temperatures (>700 ºC). 

Further, using such pyrolysis routes, it is experimentally difficult to regulate the 

central metal coordination in SACs, including both the metal coordination number 

and the coordination neighbours. This lack of control originates from the fact that the 
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precursor carbonization and metal single atom site evolution occur simultaneously 

during high temperature pyrolysis treatments. Catalytic studies using metal SACs 

have shown that the activity is strongly dependent on the local metal coordination
[170, 

171]
. Thus, understanding the pyrolysis process in detail, including both the evolution 

of the metal single atom sites and changes to the support with temperature, is essential 

for the tailoring and optimization of catalyst performance. 

In the development of carbon-supported metal SACs, the pyrolysis temperature has 

a great influence on the local metal coordination of the final carbon products. 

Experimental evidence suggests that MN4 sites on N-doped carbons are 

thermodynamically stable, and indeed favoured relative to nanoparticles at 

temperatures above 800 ºC when metal loadings are low (a few atom percent)
[36, 85, 172]

. 

For example, Wu et al. tracked the Co species formed during the pyrolysis of 

bimetallic Zn,Co-doped ZIF crystals using extended X-ray absorption fine structure 

(EXAFS) analyses. The Co nodes in Zn,Co-doped ZIF transformed into Co clusters at 

lower temperatures (600-800 ºC) upon heating under N2, followed by Co atom 

migration into porphyrin-like CoN4 sites at higher temperatures
[103]

. Using 

environmental transmission electron microscopy, Wei et al.
[47, 50]

 visualized the 

transformation of noble metal nanoparticles (Pd, Pt, Au) into single metal atoms on a 

N-doped carbon support at temperatures above 900 ºC. These studies indicate that for 

certain metals, nitrogen coordinated single metal sites are favored over metal clusters 

during pyrolysis processes or heat treatments at high temperatures. Recently, in-situ 

X-ray absorption spectroscopy (XAS) was used to characterize the change in 
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coordination of N-doped carbon supported iron as a function of pyrolysis temperature. 

Fe(II) salts were adsorbed onto a N-doped carbon support at room temperature, after 

which the resulting composites were heated in N2 to high temperatures
[65, 150]

. At 

temperatures below 300 ºC, Fe oxides formed, transforming to a tetrahedral FeO4 

coordination motif at temperatures up to 600 ºC, then finally to an in-plane FeN4 

coordination at temperatures above 600 ºC. In contrast, the pyrolysis of SiO2 

supported Fe(II) salts led to the formation of metallic Fe nanoparticles. The study 

highlighted the importance of the N-doped carbon support for achieving a high 

dispersion of metal single atom sites at high temperatures. 

Zeolitic imidazolate framework 8 (ZIF-8) is a porous metal organic framework 

(MOF) consisting of Zn
2+

 nodes tetrahedrally coordinated by four nitrogen atoms 

from 2-methylimidazole linkers. Owing to its high surface area and porosity, along 

with high carbon and nitrogen content (molecular formula ZnC8H10N4, 42.2 wt.% C, 

24.6 wt.% N), ZIF-8 crystals are frequently used as precursors in the synthesis of 

N-doped carbon materials by high temperature pyrolysis
[51, 129, 173, 174, 175]

. Typical 

pyrolysis temperatures are above 800 ºC, at which temperatures most of the Zn is 

reduced to the zerovalent state and evaporates (the boiling point of Zn is 907 ºC). Post 

ZIF-8 crystal synthesis, the Zn
2+

 nodes can be replaced by other transition metal 

cations, thus offering precursors for the pyrolysis-based synthesis of a wide range of 

porphyrin-like M-N-C materials (M = Fe
[176]

, Co
[103]

, Ni
[177]

, Mn
[39]

, Cr
[109]

, Cu
[114]

, 

Ru
[116]

, Ir
[178]

, Pt, Pd, Au
[47]

). However, it remains elusive how porphyrin-like single 

metal sites are formed during the pyrolysis of ZIF-8 precursors. 
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Herein, we report results of a detailed investigation of the local Zn coordination 

during pyrolysis of ZIF-8 crystals at temperatures between 500-900 ºC under a N2 

atmosphere. X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Zn 

L-edge and Zn K-edge X-ray absorption spectroscopies were used to characterize the 

pyrolysis products formed at each temperature (denoted herein as Zn-N-C-T, where T 

is the pyrolysis temperature in degree Celsius). The analyses revealed the formation 

of porphyrin-like ZnN4 sites at temperatures as low as 600 ºC, with the Zn
2+

 centers 

moving into the N4 plane at elevated temperatures (>800 ºC). This shift into the N4 

plane slightly modifies the electronic properties of the Zn atoms due to the influence 

of π-conjugated carbon basal plane associated with microcrystalline graphite domains 

formed at high temperatures. The net result is that Zn-N-C-800 showed excellent 

performance for peroxidase like decomposition of H2O2 into hydroxyl radicals (·OH), 

highlighting the sensitivity of the catalytic properties of Zn single atom catalysts to 

the local Zn coordination. Results guide the development of improved metal single 

atom catalysts for both catalytic and electrocatalytic processes. 
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3.2 Experimental 

3.2.1 Materials 

Zinc nitrate hexahydrate (99 %), 2-methylimidazole (98 %), 

3,3',5,5'-tetramethylbenzidine (98 %), 5,10,15,20-tetraphenyl-21H,23H-porphine zinc 

(ZnTPP), and sodium acetate (99 %), were purchased from Sigma-Aldrich. All other 

chemicals and solvents used were of reagent grade and used without further 

purification. Milli-Q water (18.2 MΩ) was used throughout this work. 

3.2.2 Syntheses 

3.2.2.1 Synthesis of ZIF-8 

Zn(NO3)2·6H2O (3.36 g) was dissolved in 40 mL of methanol. This solution was then 

added rapidly to a solution of 2-methylimidazole (8 g) in 120 mL of methanol under 

constant stirring. The resulting solution was then stirred for 1 h at room temperature, 

after which the stirring was discontinued and the reaction mixture left at room 

temperature for 24 h. The ZIF-8 product was collected by centrifugation, washed 

three times with methanol, then finally oven dried at 60 ºC for 12 h. 

3.2.2.2 Synthesis of Zn-N-C-T 

ZIF-8 (1 g) was pyrolyzed under flowing N2 for 2 h at the following temperatures: 

500, 600, 700, 750, 800, or 900 ºC. The heating rate was 5 ºC min
−1

. The pyrolysis 

products were subsequently treated in 0.5 mol L
−1

 H2SO4 at 80 ºC for 8 h to remove 

any Zn nanoparticles, then washed repeatedly with water and ethanol. The obtained 

zinc-containing N-doped carbons are denoted herein as Zn-N-C-T, where T is the 

pyrolysis temperature in degree Celsius. 
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3.2.3 Characterization 

High resolution transmission electron microscopy (HRTEM) images and 

high-angle annular dark field scanning TEM (HAADF-STEM) images were collected 

on a FEI TECNAI 20 transmission electron microscope operating at 200 kV. 

Aberration-corrected HADDF-STEM images and energy-dispersive X-ray 

spectroscopy (EDX) spectra were acquired on a JEM-ARM300F S/STEM (JEOL) at 

an operating voltage of 300 kV. Powder XRD patterns were obtained on a Bruker D8 

Focus X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.5405 Å). 

Diffraction patterns were collected over the 2 range 5º-70º. Raman spectra were 

collected on Renishaw inVia Reflex spectrometer system, equipped with a 532 nm 

laser excitation source. N2 physisorption measurements were performed on a 

Micromeritics Tristar 3000 instrument at liquid nitrogen temperature (-196 ºC). 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES, Varian 710) 

was used to quantify the amount of Zn in the samples. To prepare the samples for 

ICP-OES, samples (20 mg) were first calcined at 600 ºC for 3 h. The calcined samples 

were then immersed in 10 wt.% HNO3 to liberate any Zn
2+

, with the samples finally 

being diluted to the correct ppm range for ICP-OES measurements. XPS data were 

collected on a Kratos Axis UltraDLD X-ray photo-electron spectrometer, equipped 

with a monochromatized Al-Kα X-ray source (1486.69 eV). XPS peak fitting was 

performed using the XPSPEAK4.1 program. Shirley type backgrounds were fitted to 

the spectra for peak fitting. The C 1s signal of neutral adventitious hydrocarbons 

(284.5 eV) was used for binding energy scale calibration. 
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3.2.4 Synchrotron characterization studies 

Zn L2, 3-edge, C K-edge and N K-edge X-ray absorption spectra were collected on 

the Soft X-ray spectroscopy beamline at the Australian Synchrotron. For the analyses, 

the samples were deposited onto double-sided carbon tape. The XAS data were taken 

in the total electron yield (TEY) mode at an analysis chamber pressure of ~1 × 10
−10

 

Torr. The TEY data were normalized against a current measured simultaneously on a 

gold mesh in the beamline to eliminate potential spectral artifacts caused by 

fluctuations in the beam intensity whilst scanning. The measurements were carried out 

in high-resolution (HR) mode by increasing the photon energies in steps of 0.05 or 0.1 

eV. 

Zn K-edge XAS data were collected in transmission mode on the BL01B1 

beamline of the Japan Synchrotron Radiation Research Institute (SPring-8, Japan). 

The storage ring was operated at 8 GeV and a ring current of 44-65 mA. A Si(111) 

single crystal was used to monochromatize the X-ray beam, and two ion chambers 

filled with Ar and N2 were used as detectors of I0 and I, respectively. The XAFS raw 

data were processed with background-subtraction, normalization and Fourier 

transformation by the standard procedures with Athena module of the IFEFFIT 

software packages. EXAFS fitting was performed by the Artemis module, following 

the EXAFS equation below: 

χ(𝑘) = ∑
𝑁𝑗𝑆0

2𝐹𝑗(𝑘)

𝑘𝑅𝑗
2

𝑗
exp[−2𝑘2𝜎𝑗

2] exp [
−2𝑅𝑗

𝜆(𝑘)
] sin[2𝑘𝑅𝑗 + ∅𝑗(𝑘)], 

where S0
2
 is the amplitude reduction factor, Fj(k) is the effective curved-wave 

backscattering amplitude, Nj is the number of neighbors in the jth atomic shell, Rj is 
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the distance between the X-ray absorbing central atom and the atoms in the jth atomic 

shell, λ is the mean free path in Å, ϕj(k) is the phase shift, σj
2
 is the Debye-Waller 

parameter of the jth atomic shell (variation of distances around the average Rj). 

3.2.5 Peroxidase-like activity tests 

The peroxidase-like activity tests were conducted in a 0.1 mol L
−1

 sodium acetate 

buffer solution (pH 3) at room temperature. Typically, 10 µL of a TMB solution 

(TMB in DMSO, 10 mg mL
−1

), 50 µL H2O2 (30 wt.%) and 10 µL of a catalyst 

dispersion (5 mg mL
−1

) were added into sodium acetate buffer to give a solution of 1 

mL total volume. After 30 min, the time-course evolution of the blue TMB oxidation 

product was followed spectrophotometrically by monitoring the absorbance at 652 nm 

using a Shimadzu UV-2600 spectrophotometer. 

Further kinetic experiments were conducted using Zn-N-C-800 and different 

concentrations of the TMB substrate. The experimental procedure was similar to that 

described above, where 1 mL testing solution contains 5 µL of a Zn-N-C-800 

dispersion (5 mg mL
−1

), 50 µL of H2O2 (30 wt.%), and varying the amount of the 

TMB solution (10 mg mL
−1

) used (1, 2.5, 5, 7.5, 10, 12.5, 15, or 20 µL). The reaction 

time was 10 min. 

Kinetic experiments were also carried out to study the effect of the H2O2 

concentration, again using Zn-N-C-800 as the catalyst. The experimental procedure 

was similar to that described above, using 5 L of a Zn-N-C-800 dispersion (5 mg 

mL
−1

), 10 µL of TMB solution (10 mg mL
−1

), and different amounts of 30% H2O2 (5, 

10, 25, 50, 75, 100, 150, or 200 µL). The reaction time was 10 min. The 
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Michaelis-Menten constant was calculated according to the Michaelis-Menten 

saturation curve by GraphPad Prism 6.02 Software.  

The effects of pH and temperature on the peroxidase-like activity of Zn-N-C-800 

were also studied in the pH range 2.5-10 and at temperatures from 22-70 ºC. The 

effect of catalyst loading was studied by varying the amounts of catalyst dispersion (5 

mg mL
−1

) added into the reaction system (from 0, 2.5, 5, to 10 µL), at a fixed reaction 

time of 10 min. For these tests, all other experimental parameters were the same as 

those used in the standard peroxidase-like activity test described above. 
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3.3 Results and discussion 

ZIF-8 crystals were synthesized according to a literature method
[174]

. The synthesis 

yielded characteristic truncated rhombic dodecahedral crystals of size ~150 nm. The 

ZIF-8 crystals were then pyrolyzed at temperatures ranging from 500-900 ºC in N2 for 

2 h. Following the pyrolysis step, the solid products were treated in 0.5 mol L
−1

 

H2SO4 at 80 ºC for 8 h to remove any Zn nanoparticles, then washed repeatedly with 

water and ethanol. The obtained products are denoted here as ZIF-8-500 and 

Zn-N-C-T (T = 600, 700, 750, 800, 900). ZIF-8 is thermally stable up to 500 ºC. X-ray 

diffraction (XRD) showed that the decomposition of ZIF-8 to a Zn-N-C phase 

occurred at ~600 ºC (Figure 3.1.). This was evidenced by the complete disappearance 

of the sharp ZIF-8 peaks and the emergence of new broad peaks at 26º and 44º, 

corresponding to the (002) and (101) planes of nanocrystalline graphitic carbon 

(Figure 3.1.). No Zn-related peaks were observed in the XRD patterns. 

 

Figure 3.1. XRD patterns for ZIF-8 and its pyrolysis-derived Zn-N-C products. 
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Figure 3.2. Morphology characterization. HAADF-STEM (top) and bright field TEM 

images for ZIF-8 and its derived Zn-N-C-T pyrolysis products. 

The absence of Zn nanoparticles in any of the Zn-N-C-T materials was verified by 

high resolution transmission electron microscopy (HRTEM) images and high-angle 

annular dark field scanning TEM (HAADF-STEM) (Figure 3.2.), with all of the 

Zn-N-C-T samples inheriting the truncated rhombic dodecahedral morphology of the 

ZIF-8 precursor. Energy-dispersive X-ray (EDX) mapping (Figure 3.3.A) of 

Zn-N-C-800 verified a uniform dispersion of Zn, N and C. The aberration-corrected 

HAADF-STEM image of Zn-N-C-800 (Figure 3.3.B) showed obvious bright dots 

(highlighted by red circles), indicating the atomic dispersion of Zn atoms over the 

N-doped carbon support. 
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Figure 3.3. HAADF-STEM and EXAFS characterization of Zn single atom sites on 

the Zn-N-C-T samples. (A) STEM image and STEM-EDX elemental mapping result 

for Zn-N-C-800. (B) Aberration-corrected HAADF-STEM image of Zn-N-C-800 and 

(C) Fourier transform of Zn K-edge EXAFS spectra for ZIF-8, various Zn-N-C-T 

samples, and selected reference materials. 

The presence of zinc single atom sites, rather than Zn nanoparticles, in all the 

Zn-N-C-T samples was further confirmed by the absence of a Zn-Zn scattering path in 

the Fourier transformed Zn K-edge EXAFS spectra for the samples (Figure 3.3.C). 

The Zn K-edge R-space plots for the Zn-N-C-T samples show two pronounced peaks 

at 1.6 and 2.6 Å, which by comparison with the data for 

5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP) can readily be assigned to 

the first Zn-N shell and second Zn-C shell, respectively. Inductively coupled plasma 

optical emission spectrometry (ICP-OES, Table 3.1.) determined that the Zn content 

in the Zn-N-C-T samples prepared at 600-900 ºC was 3.01-6.53 wt.% (following the 

acid digestion of any ZnO or Zn nanoparticles). The nitrogen content of the Zn-N-C-T 

samples decreased with increasing temperature, though the Zn-N-C-900 sample still 

possessed a high nitrogen content (13.42 wt.%). It should be noted that the pyrolysis 

of ZIF-8 at 900 
o
C is now a widely used approach for the preparation of N-doped 

carbons rich in pyridinic sites for electrocatalytic applications. Most researchers 



Chapter 3                     Evolution of zinc single atom catalysts during pyrolysis of ZIF-8 

92 
 

assume that Zn (in the form of metallic Zn) will be fully removed by evaporation at 

such high temperatures, leaving metal-free N-doped carbon products. However, in this 

work significant amounts of Zn remained in the Zn-N-C-900 sample (4.67 wt.%), 

which can be attributed to the formation of stable Zn(II) single atom sites early in the 

pyrolysis process. The heating rate and pressure (atmospheric) used here were likely 

important parameters for realizing Zn-N-C-T products rich in Zn(II) single atom sites 

at 900 
o
C. Alternative pyrolysis conditions (faster heating under vacuum, longer 

pyrolysis time) may have simply yielded an N-doped carbon product. 

Table 3.1. Elemental analysis results for ZIF-8 and the Zn-N-C-T products. 

C, N, O, and S contents were determined by bulk elemental analysis. The Zn content 

was determined by inductively coupled plasma optical emission spectrometry 

(ICP-OES). The S and O originate mainly from the post-synthetic H2SO4 treatment 

step, and also adsorbed water and surface hydroxyl groups. 

  

Samples Zn (wt.%) C (wt.%) N (wt.%) O (wt.%) S (wt.%) 

ZIF-8 25.76 45.78 27.05 1.41 0.00 

ZIF-8-500 25.84 45.74 26.72 1.70 0.00 

Zn-N-C-600 3.01 45.18 26.79 21.52 2.76 

Zn-N-C-700 3.48 44.19 23.14 24.76 3.33 

Zn-N-C-750 6.53 56.18 21.60 11.12 4.50 

Zn-N-C-800 4.38 56.33 20.75 17.18 0.92 

Zn-N-C-900 4.67 63.94 13.42 17.14 0.83 
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Figure 3.4. XPS and soft XAS characterizations of ZIF-8 and various Zn-N-C-T 

samples. (A) Zn 2p XPS spectra, (B) Zn L-edge XAS spectra and (C) N K-edge XAS 

spectra for ZIF-8 and various Zn-N-C-T samples. 

 

Figure 3.5. Chemical structure of 5,10,15,20-tetraphenyl-21H,23H-porphine zinc 

(ZnTPP). 

To gain deeper insights about the valence states of the Zn on going from ZIF-8 to 

the Zn-N-C-T samples, Zn 2p XPS and Zn L2,3-edge XAS analyses were conducted. 

The two methods are complementary, with XPS probing the occupied states and XAS 

unoccupied states of Zn atoms. The Zn 2p XPS spectra for ZIF-8 and Zn-N-C-T 

samples (Figure 3.4.A) contain two peaks centered at 1021.4 and 1044.3 eV in a 2:1 
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area ratio, which can readily be assigned to Zn 2p3/2 and Zn 2p1/2 signals, respectively, 

of Zn
2+

. Zn L2,3-edge XAS (Figure 3.4.B) provided further confirmation about the 

oxidation state of Zn and the coordination environment. Zn
2+

 has the 3d
10

 electron 

configuration. ZnTPP belongs to the D4h point group, with a square planar nitrogen 

ligand field around Zn
2+

 (occupation state  𝑑𝑏1𝑔
2 𝑑𝑎1𝑔

2 𝑑𝑒𝑔
4 𝑑𝑏2𝑔

2 ). The spectrum 

collected for ZnTPP agreed well with reported Zn L2,3-edge spectrum for the 

compound, showing characteristic L3 and L2 features around 1024.8 and 1047.8 eV, 

respectively
[179]

. These features are associated with the excitation of Zn 2p electrons 

into * orbitals of the TPP ligand. The Zn L2,3-edge features that lie ~6 eV higher in 

photon energy than the main L3 and L2 signals are associated with Zn 2p excitations 

into unoccupied 4d states
[179]

. The Zn L2,3-edge spectra for the Zn-N-C-T (T = 

600-900) samples were almost identical to that collected for ZnTPP, suggesting that 

the samples contained a near square planar Zn(II) coordination environment similar to 

that of ZnTPP (Figure 3.5.). The Zn L2,3-edge XAS spectrum for ZIF-8, containing 

tetrahedral ZnN4 moieties, was quite distinct from that of ZnTPP and the Zn-N-C-T (T 

= 600-900) samples, highlighting the significant difference between their Zn
2+

 

coordination environments. The Zn L2,3-edge spectrum for the ZIF-8-500 sample was 

qualitatively similar to that collected for ZIF-8, consistent to their similar XRD 

patterns. Clearly, at the low pyrolysis temperature of 500 ºC, the Zn
2+

 site retains a 

tetrahedral nitrogen coordination rather than adopting the near square planar nitrogen 

coordination typical of the Zn-N-C-T samples prepared at 600 ºC and above. 

N K-edge XAS measurements revealed a similar evolution in structure with 
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pyrolysis temperature (Figure 3.4.C). The N K-edge spectra of ZIF-8 and ZIF-8-500 

were similar, dominated by an intense signal around 400.7 eV, which can readily be 

attributed to the excitation of a N 1s electron from the pyrrolic N of 

2-methylimidazole into an antibonding * orbital of the same ligand. The weaker 

feature around 406 eV is due to a N 1s  * transition. The N K-edge XAS spectrum 

of ZnTPP was markedly distinct from that of ZIF-8, containing peaks at 398.6 eV 

(peak A), two closely spaced peaks at 400.9 and 401.7 eV (collectively referred to 

here as peak B), and a broader feature around 407 eV (peak C). Peak A and B 

originate from the excitation of a N 1s electron into antibonding π* states of the 

porphyrin macrocycle
[180]

, whereas peak C can be attributed to N 1s  σ* 

transition
[181]

. For the Zn-N-C-600 sample, prepared at a pyrolysis temperature of 600 

ºC, peak A was observed at ~399.0 eV and peak B ~401.2 eV. We tentatively assign 

these to pyridinic N and pyrrolic N environments, respectively
[182]

. On increasing the 

pyrolysis temperature to 800 ºC, peak A shifted to a slightly lower energy of 398.8 eV, 

whilst peak B (and also peak C) remained largely unshifted. The spectrum of the 

Zn-N-C-900 sample was qualitatively similar to that of ZnTPP, implying that 

porphyrin-like square planar nitrogen sites exist on the sample surface (i.e., in-plane 

N4 sites). The shift in the position of peak A to lower photon energy with increasing 

pyrolysis temperature was of special interest, suggestive of an increase in charge 

transfer between Zn and N
[182]

, which is not unexpected as the Zn atoms underwent a 

tetrahedral (ZIF-8-500) to near square planar (Zn-N-C-900) coordination change with 

increasing pyrolysis temperature. 
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Figure 3.6. Zn K-edge EXAFS fitting results for ZIF-8 and its pyrolysis-derived 

Zn-N-C-T products. k range: 2.5-12.5, dk = 1; r range: 1-2, dr = 0. S0
2
 = 0.976, S0

2
 is 

determined from a ZnO reference. 

Zn K-edge EXAFS provided detailed information about the Zn-N coordination in 

ZIF-8, ZIF-8-500, Zn-N-C-T (T = 600-900) and ZnTPP. The Zn K-edge R-space plots 

for each sample are shown in Figure 3.3.C, whilst Zn-N scattering paths fitted to each 

individual spectrum are shown in Figure 3.5.. From the fittings, Zn-N bonding 

distances and first shell coordination numbers were calculated (Table 3.2.). All of the 

samples possess a Zn-N coordination number close to 4 (ZIF-8, CN 4.0; ZIF-8-500, 

CN 4.2; and Zn-N-C-T, CN 4.0-3.7), decreasing slightly with pyrolysis temperature in 



Chapter 3                     Evolution of zinc single atom catalysts during pyrolysis of ZIF-8 

97 
 

the range 600-900 ºC. Results confirm a ZnN4 configuration for all samples. For 

ZIF-8 and ZIF-8-500, the Zn-N bonding distances were 1.987 and 1.988 Å, typical for 

tetrahedrally coordinated Zn
2+

 in ZIF-8. For the Zn-N-C-600 sample, the Zn-N bond 

distance was much larger (Zn-N = 2.052 Å). As the pyrolysis temperature increased in 

the range 600-900 ºC, the Zn-N distance decreased from 2.052 to 2.035 Å, the latter 

being comparable to the Zn-N distance in ZnTPP (2.028 Å). We attribute the 

shortening of the Zn-N bond distance on going from Zn-N-C-600 to Zn-N-C-900 to 

the formation of well-defined in-plane ZnN4 centers at higher temperatures. 

Table 3.2. EXAFS fitting parameters at Zn K-edge for ZIF-8 and Zn-N-C-T pyrolysis 

products. 

a) 
N is the coordination number; 

b) 
R: interatomic distance between central atoms and 

surrounding coordination atoms; 
c)

 σ
2
 is Debye-Waller factor to measure thermal and 

static disorder in absorber-scatter distances; 
d)

 ΔE0: edge-energy shift (the difference 

between the zero kinetic energy value of the sample and that of the theoretical model); 
e)

 R factor is used to value the goodness of the fitting. The number in the bracket is the 

last digit error. 

Remnants of non-planar ZnN4 environments in the Zn-N-C-T samples were further 

evidenced by closer examination of Zn K-edge XAS spectra. In the Zn K-edge XAS 

spectrum of ZnTPP (Figure 3.7.A), no pre-edge features associated with 1s  3d 

Zn-N Path CN 
a)

 R (Å) 
b)

 σ
2
 (10

−3
 Å

2
) 

c)
 ΔE0 (eV) 

d)
 R factor % 

e)
 

ZIF-8 4.0(6) 1.987(15) 4.8 (2) 7 (2) 1.33 

ZIF-8-500 4.2(6) 1.988(12) 4.8 (15) 6 (2) 0.98 

Zn-N-C-600 4.0(2) 2.052(6) 6.3 (9) −0.5 (6) 0.20 

Zn-N-C-700 4.0(2) 2.045(6) 5.9 (9) −0.3 (6) 0.20 

Zn-N-C-800 3.8(2) 2.038(5) 6.9 (8) −0.5 (5) 0.16 

Zn-N-C-900 3.7(3) 2.035(9) 7.0 (9) 0.8 (7) 0.46 

ZnTPP 3.8(4) 2.028(9) 4.1(12) 6(1) 0.64 
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transitions were seen, consistent with Zn
2+

 in ZnTPP having a 3d
10

 configuration. 

Above the absorption edge, three main features are seen, labeled as A, B and C. Since 

most metal porphyrins share the same features in their K-edge XAS spectra
[183]

, 

features A, B, and C in ZnTPP can be assigned with reference to FeTPPCl
[184]

. Feature 

A (9661.7 eV) is a Zn 1s to Zn 4pz transition with simultaneous ligand to metal charge 

transfer. This feature has been identified as providing a fingerprint for in-plane MN4, 

and therefore the intensity of this feature is greatly affected by the distortions from a 

pure square planar geometry. Feature B (9669.5 eV) results from a Zn 1s to Zn 4pxy 

transition. Feature C (9672.6 eV) involves multiple scattering paths, and serves as a 

general fingerprint of local Zn environments with different Zn-N bonding distances. 

Reproduction of the spectral features A, B, C requires at least five coordination shells 

(up to the third shell C atoms in the benzene rings of ZnTPP)
[183]

. In other words, any 

distortions from the square planar ZnN4 geometry in ZnTPP structure would result in 

an energy shift or intensity change of all these features. The ZIF-8 precursor with 

tetrahedral ZnN4 coordination, was naturally spectroscopically distinct from ZnTPP, 

showing features denoted A' and B' at 9665.0 and 9672.5 eV, respectively (involving 

Zn 1s  4p transitions). Both features are similar to those reported for ZIF-7 (also 

tetrahedal ZnN4)
[185]

. As expected, the Zn K-edge XAS spectrum of ZIF-8-500 was 

almost identical to that of ZIF-8, indicating a tetrahedral ZnN4 geometry was retained 

in the sample.  
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Figure 3.7. Hard XAS analysis of ZIF-8 and various Zn-N-C-T samples. (A) Zn 

K-edge XAS spectra and (B) the first derivative Zn K-edge XAS spectra for ZIF-8, 

various Zn-N-C-T samples and ZnTPP. 

For the Zn-N-C-600 to Zn-N-C-900 samples, the Zn K-edge XAS spectra evolved 

to resemble the spectrum of ZnTPP, though peak A was barely visible. The first 

derivative Zn K-edge spectra (Figure 3.7.B) show that peak A for ZnTPP appears as a 

weak shoulder at ~9660.6 eV in the derivative spectra for the Zn-N-C-T (T = 600-900) 

samples, intensifying slightly with pyrolysis temperature
[184]

. The fact that peak A was 

weak for Zn-N-C-T (T = 600-900) indicated that the Zn
2+

 cations were not sitting 

perfectly in the N4 plane of the porphyrin-like sites. This is not surprising, given that 

the pyrolysis route used to prepare the Zn-N-C-T samples with complex carbon 

structures, where significant disorder is expected in the first few coordination shells 

around each Zn atom. The subtle variations seen in the positions and intensities of 

peak B and peak C (Figure 3.7.A) with increasing pyrolysis temperature suggest a 

shift in the position of Zn
2+

 closer to a square planar ZnN4 geometry. Similar 

observations were made in theoretical Fe K-edge XAS studies of Fe-N4-like catalytic 

centers as Fe cations approached the N4 plane
[184]

. Thus, our data strongly suggest that 
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the Zn-N-C-T samples (T = 600-900) contain ZnN4 centers, with the Zn
2+

 moving 

closer to the porphyrin-like N4 plane with pyrolysis temperature up to 900 ºC. 

 

Figure 3.8. The peroxidase-like activity of ZIF-8 and various Zn-N-C-T samples. 

Absorbance-time curves for the oxidation of TMB solution by ZIF-8 and various 

Zn-N-C-T samples in the presence of H2O2. Reaction time: 30 min. 

 

Figure 3.9. Photographs showing the colour change of TMB reaction catalyzed by 

ZIF-8 and various Zn-N-C-T samples. Reaction time: 30 min. 

Porphyrin-like Zn sites on N-doped carbons are capable of catalysing the 

peroxidase-like decomposition of H2O2 into hydroxyl radicals (·OH). The 

peroxidase-like activity of ZIF-8, ZIF-8-500 and the various Zn-N-C-T (T = 600-900) 

samples was investigated, using the colorimetric reaction of 

3,3 ,́5,5 -́tetramethylbenzidine (TMB) in the presence of H2O2. Free hydroxyl radicals 
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produced by the decomposition of H2O2 react with TMB to give a blue TMB 

oxidation product with a UV-vis absorbance maximum at 652 nm. At a reaction time 

of 30 min, the Zn-N-C-800 and Zn-N-C-900 catalysts showed very good 

peroxidase-like activity (Figure 3.8. and Figure 3.9.). The Zn-N-C-750 sample 

showed modest peroxidase-like activity, whereas the Zn-N-C-700 and Zn-N-C-600 

samples showed very weak peroxidase-like activity. The peroxidase-like activity of 

the samples followed the order Zn-N-C-800 > Zn-N-C-900 >> Zn-N-C-750 >> 

Zn-N-C-700 > Zn-N-C-600. No peroxidase-like activity was observed for the ZIF-8 

and ZIF-8-500 catalysts. 

On account of the fact that Zn-N-C-800 showed the best peroxidase-like activity, 

more detailed kinetic studies were performed on this sample. Similar to natural 

horseradish peroxidase (HRP), the activity of Zn-N-C-800 catalysts was found to 

depend strongly on the catalyst concentration, pH, and temperature (Figure 3.10. and 

Figure 3.11.). Figure 3.10. shows the activity increased with catalyst concentration 

(with a value of 25 g mL
−1

 being used for subsequent tests to avoid the reaction 

occurring too fast). The optimal pH and temperature for the Zn-N-C-800 catalyst 

(Figure 3.11.) were determined to be 3-3.5 and 40-50 ºC, respectively. This optimal 

activity window was very similar to that reported for porphyrin-like Fe-N-C materials. 

To quantitatively probe the peroxidase-like activity of Zn-N-C-800, 

Michaelis-Menten kinetics studies, examining both H2O2 substrate concentration and 

TMB substrate concentration, were performed. In Michaelis-Menton analyses, the 

constant Km is used to estimate the binding affinity for particular substrates, with a 
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low Km value indicating a strong binding affinity between the enzyme and substrates. 

Km values for Zn-N-C-800 towards TMB and H2O2 were 0.213 and 140 mmol L
−1

, 

respectively (Figure 3.12., Table 3.3.). 

 

Figure 3.10. The peroxidase-like activity of Zn-N-C-800 at different catalyst 

concentrations. 

 

Figure 3.11. Effect of (A) pH and (B) temperature on the peroxidase-like activity of 

Zn-N-C-800. 

In Figure 3.10. and Figure 3.11., Reaction parameters: 10 µL of a TMB solution 

(TMB in DMSO, 10 mg mL
-1

), 50 µL H2O2 (30%) and 10 µL of a catalyst 

(Zn-N-C-800 or HRP) dispersion (5 mg mL
-1

) were added into sodium acetate buffer 

to give a solution of 1 mL total volume, under 10 min reaction. 
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Figure 3.12. Steady-state kinetic studies of the effects of H2O2 concentration and 

TMB concentration on the peroxidase-like activity of Zn-N-C-800: (A) 

Michaelis-Menten plot of rate versus H2O2 concentration; (B) Lineweaver-Burke plot 

for data in (A); (C) Michaelis-Menten plot of rate versus TMB concentration; and (D) 

Lineweaver-Burke plot for data in (C). 

Table 3.3. Kinetic parameters for Zn-N-C-800 as a function of substrate. 

Catalyst [E]/M Substrate Km/M 
Vmax/ 

(M s
-1

) 

Kcat/s
-1

 Kcat/Km 

(s
-1

 M
-1

) 

Zn-N-C-800 1.67×10
-5

 H2O2 0.14 3.31×10
-8

 1.98×10
-3

 0.014 

Zn-N-C-800 1.67×10
-5

 TMB 2.13×10
-4

 3.04×10
-8

 1.82×10
-3

 8.5 

[E] is the Zn concentration of Zn-N-C-800 in the reaction dispersion, Km is 

Michaelis–Menten constant, Vmax is the maximal reaction rate and Kcat is the catalytic 

constant, Kcat = Vmax/[E]. 

 

Michaelis-Menten kinetic equation: 

1

𝑣
=  

𝐾𝑚

𝑉max [𝐸]
+  

1

𝑉𝑚𝑎𝑥
 

Where v is the reaction rate. 
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Table 3.4. Quantitative elemental analysis data for acid-washed Zn-N-C-800. 

  

Figure 3.13. Peroxidase-like activity of ZnTPP and acid-washed Zn-N-C-800. 

 To better understand the excellent peroxidase-like activity of the Zn-N-C-800 

catalyst, we synthesized a “low Zn” N-doped carbon catalyst by acid-washing 

Zn-N-C-800. The sample acid-washed Zn-N-C-800-HNO3 was obtained by 

immersing Zn-N-C-800 (200 mg) in 100 mL of aqueous 10 wt.% HNO3 solution at 60 

ºC for 12 h, followed by washing in water 5 times. The same procedure was repeated 

twice. The final product, acid-washed Zn-N-C-800, was collected by centrifugation 

and dried in an oven at 60 ºC overnight. This removed most of the Zn(II) atoms, with 

the Zn content in the product being 1.20 wt.% by ICP-OES (Table 3.4.), or ~1/3 the 

Zn content of Zn-N-C-800 (4.38 wt.%). The “low Zn” N-doped carbon had a very low 

peroxidase-like activity compared to pristine Zn-N-C-800 (Figure 3.13.), whilst 

acid-washed 

Zn-N-C-800 
Zn (wt.%) C (wt.%) N (wt.%) O (wt.%) S (wt.%) 

ICP-OES 1.20 - - -  

SEM-EDS 1.31 58.81 16.82 22.91 0.04 
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ZnTPP showed no activity in catalysing the oxidation reaction of TMB in the 

presence of H2O2. This indicates that a surface rich in porphyrin-like ZnN4 centers 

and a semigraphitic N-doped carbon support were both requisites for achieving a high 

peroxidase-like activity. 

  

Figure 3.14. Raman spectra for ZIF-8 and various Zn-N-C-T samples. 

As demonstrated above, all of Zn-N-C-T samples contained porphyrin-like ZnN4 

centers. However, the Zn-N-C-T catalysts differed in their graphitic character and 

surface area. The degree of graphitization in the Zn-N-C-T sample was examined by 

Raman spectroscopy and C K-edge XAS. As the pyrolysis temperature increased, the 

Zn-N-C-T samples become more graphitic, as evidenced by the progressive 

attenuation of the amorphous carbon peak in the Raman spectra with heating up to 

750 ºC, thus decreasing the D/G peak ratio (Figure 3.14.). Raman results revealed 
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increased graphitization in the Zn-N-C-T products at higher pyrolysis temperatures. 

 

Figure 3.15. (A) C K-edge XANES spectra and (B) C 1s XPS spectra for ZIF-8 and 

its derived Zn-N-C-T products. 

Table 3.5. C 1s XPS peak fitting results for various Zn-N-C-T samples. 

Sample 
Carbonate 

(290.1 eV) 

C=O 

(288.3 eV) 

C-O 

(286.6 eV) 

C-N 

(285.7 eV) 

C=C/C-C 

(284.5 eV) 

Zn-N-C-600 - 0.14 0.25 0.35 0.26 

Zn-N-C-700 - 0.06 0.09 0.34 0.51 

Zn-N-C-750 - 0.11 0.11 0.26 0.52 

Zn-N-C-800 - 0.08 0.10 0.26 0.56 

Zn-N-C-900 0.05 0.06 0.13 0.09 0.67 
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Table 3.6. Surface areas for various Zn-N-C-T samples. 

 

 

 

 

 

 

 

The three peaks at 1330, 1500 and 1590 cm
-1

 correspond to defected carbon, 

amorphous carbon and graphitic carbon, respectively. At temperatures above 600 ºC, 

the intensity of amorous carbon peak decreased greatly in the Zn-N-C-700 sample, 

being barely visible in the Zn-N-C-750 sample, disappearing in the Zn-N-C-800. 

Further evidence for enhanced graphitization in the Zn-N-C-T samples prepared at 

high temperatures was found in the C K edge XAS data (Figure 3.15.A). In the C 

K-edge XANES spectra, the C1 and C3 peaks located at 284.6 eV and 292.0 eV are 

attributed to the 1s  π* and 1s  σ* transitions of C=C and C-C species. The peak 

C2 at 288.6 eV is ascribed to C-N-C or C-O-C species. The C1 peak intensified with 

temperature suggesting more C=C species, whereas the C2 peak lost intensity at 

higher temperatures indicated a lower C-N-C content in the samples. The XANES 

absorption features in the 286-287 eV region correspond to carbon atoms that are 

attached to either oxygen atoms or nitrogen atoms. Significant changes can be 

observed within the region as a function of the pyrolysis temperature. However, 

assigning exact bonding environments in this region of the XANES spectra is 

challenging due to the large number of possible bonding arrangements. Indeed, the C 

Sample Surface area (m
2
 g

-1
) 

ZIF-8 1498 

Zn-N-C-600 9 

Zn-N-C-700 25 

Zn-N-C-750 76 

Zn-N-C-800 158 

Zn-N-C-900 596 
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K-edge spectrum for Zn-N-C-900 was very similar to that collected for ZnTPP. Peak 

fitting of the C 1s XPS spectra for the various Zn-N-C-T catalysts similarly revealed 

that the fraction of carbon as C=C species increased with temperature (Figure 3.15.B, 

Table 3.5.). The surface area of the Zn-N-C-T catalysts was also expected to influence 

their performance in the peroxidase-like activity tests, with a higher is expected to be 

beneficial by enabling better substrate access to active sites
[186, 187]

. The BET surface 

areas of the Zn-N-C-T samples increased with pyrolysis temperature in the range 600 

to 900 ºC (Table 3.6.). The enhancement seen in peroxidase-like activity on going 

from Zn-N-C-600 to Zn-N-C-800 thus closely matched the increased in graphitic 

degree and surface area of these catalysts. However, the catalytic activity of the 

Zn-N-C-900 sample (possessing both the highest graphitic degree and highest surface 

area) was inferior activity to Zn-N-C-800 sample, suggesting some additional factor 

was contributing to the special peroxidase-like activity of Zn-N-C-800. 

 

Figure 3.16. The “net” peroxidase-like activity of ZIF-8 and various Zn-N-C-T 

samples. Absorbance/(surface area × Zn content)-time curves for the oxidation of 

TMB solution by ZIF-8 and various Zn-N-C-T samples in the presence of H2O2. 

Reaction time: 30 min. 



Chapter 3                     Evolution of zinc single atom catalysts during pyrolysis of ZIF-8 

109 
 

Thus, to gauge the intrinsic activity of ZnN4 sites in the Zn-N-C-T catalysts, the 

“net” activity was calculated from the overall activity by dividing the BET surface 

area and Zn content (Figure 3.16.). Following this normalization, the activities of 

most of Zn-N-C-T catalysts became quite similar (confirming the role of both surface 

area and Zn content in catalyst function), with the exception being the Zn-N-C-800 

catalyst whose performance remained slightly higher than the other catalysts. This 

indicates that the ZnN4 sites in Zn-N-C-800 catalyst possessed high intrinsic activity. 

According to the Sabatier principle
[56]

, an optimal adsorption energy between the 

catalyst and intermediates is essential for the overall reaction to proceed efficiently. 

Previous studies have shown that the adsorption of H2O2 on MN4 sites to form a five 

coordinated metal site is the rate determining step for the catalytic decomposition of 

H2O2
[129]

. It is therefore intuitive that the ZnN4 sites in Zn-N-C-800 facilitated the 

formation of such an intermediate, thus benefitting the peroxidase-like activity. The 

electron-donating ability of the support, and the position of the Zn(II) atoms with 

respect to the N4 plane of the porphyrin-like sites, controls the electron density on the 

Zn(II) active sites
[57]

. These were likely the key factors in the special activity of 

Zn-NC-800 (resulting in optimal adsorption of H2O2 or an intermediate in the 

decomposition of H2O2, such as a HOO-ZnN4 moiety)
[166]

. Our catalysis results 

suggest that as the pyrolysis temperature of the ZIF-8 precursor was increased in the 

range 600 to 900 ºC, the electron density on the central Zn atoms increased, with the 

electron density on Zn(II) atoms in the Zn-N-C-800 catalyst being optimal for Zn-O 

binding and thus H2O2 adsorption and decomposition. However, as the Zn cations 
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moved completely into the ZnN4 plane, the electron density on Zn(II) atoms in 

Zn-N-C-900 catalyst became too high (unfavourable for intermediate adsorption), 

thus decreasing performance. We hypothesize that the electron density of the central 

Zn(II) atoms in the Zn-N-C-T catalysts thus controls overall peroxidase-like activity. 
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3.4 Conclusion 

The evolution of porphyrin-like ZnN4 centers during the pyrolysis of ZIF-8 at 

temperatures ranging from 500 to 900 ºC was systematically investigated. Results 

show that square planar porphyrin-like ZnN4 sites were formed on N-doped carbon 

supports at ZIF-8 pyrolysis temperatures as low as 600 ºC, with the Zn(II) atoms 

moving closer to the N4 plane as the pyrolysis temperature was increased. The 

graphitic carbon content in the support controlled the electron density of the Zn(II) 

sites. The Zn-N-C-800 catalyst prepared at 800 ºC offered excellent peroxidase-like 

activity, due to an optimal bond strength being realized for H2O2 adsorption on ZnN4 

sites. This work offers valuable insights for the synthesis of M-N-C materials from 

MOF precursors, whilst drawing researcher attention to the importance of the 

planarity of the MN4 sites in efficient metal single atom catalysis.
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CHAPTER 4 

Molten NaCl-assisted Synthesis of Porous Fe-N-C 

Electrocatalysts with a High Density of Catalytically Accessible 

FeN4 Active Sites and Outstanding Oxygen Reduction Reaction 

Performance 

This Chapter is based on a published paper with the same title 

Adv. Energy Mater. 2021, 2100219. 

Qing Wang, Yuqi Yang, Fanfei Sun, Guangbo Chen, Jian Wang, Lishan Peng, 

Wan-Ting Chen, Lu Shang, Jiaqi Zhao, Dongxiao Sun-Waterhouse, Tierui Zhang
*
, 

Geoffrey I.N. Waterhouse
* 

  



Chapter 4        Engineering the site density of FeN4 sites on Fe-N-C electrocatalyst for PEMFC 

113 
 

CHAPTER 4 

Molten NaCl-assisted Synthesis of Porous Fe-N-C 

Electrocatalysts with a High Density of Catalytically Accessible 

FeN4 Active Sites and Outstanding Oxygen Reduction Reaction 

Performance 

4.1 Introduction 

Owing to their high power density and high efficiency, proton exchange membrane 

fuel cells (PEMFCs) represent a clean and sustainable energy conversion technology 

for the transportation sector
[98, 188]

. However, the large-scale commercialization of 

PEMFCs is currently hindered by the high costs of platinum-group-metal (PGM) 

electrocatalysts used for the hydrogen oxidation reaction (HOR) and oxygen reduction 

reaction (ORR) in these devices. Presently, PGM metal catalysts (mainly Pt) comprise 

around 30% of the overall cost of PEMFC systems
[2, 11, 48, 130, 189, 190]

. The overall 

kinetics of PEMFCs are generally limited by the sluggish oxygen reduction reaction 

(ORR) at the cathode, demanding a high loading (up to 20 wt.%) of PGM 

electrocatalysts to overcome this kinetic barrier. For the widespread implementation 

of PEMFCs in the transportation sector (especially for medium to heavy vehicles), 

high-performance PGM-free ORR electrocatalysts are demanded. 

Among the various PGM-free electrocatalysts explored to date, nitrogen-doped 

carbon-supported iron single atom electrocatalysts (Fe-N-C) afford the highest ORR 



Chapter 4        Engineering the site density of FeN4 sites on Fe-N-C electrocatalyst for PEMFC 

114 
 

performance
[10, 14, 15, 19, 128, 129, 191, 192]

. Both theoretical and experimental studies have 

confirmed that carbon-supported FeN4 moieties possess high intrinsic ORR activity
[16, 

61, 63]
. Fe-N-C electrocatalysts for ORR are typically prepared by the pyrolysis of 

precursors containing carbon, nitrogen and iron at high temperatures (> 600 ºC)
[10, 132]

. 

However, such pyrolysis routes offer limited control over the final distribution of 

FeN4 moieties in the Fe-N-C products (external surface or in the bulk of the N-doped 

carbon matrix, sometimes with aggregation to form Fe nanoparticles)
[25, 26]

. Surface 

micropore-hosted FeN4 moieties are highly desirable for ORR due to their 

accessibility for O2 adsorption and reduction (O2 + 4H
+
 + 4e

-
  2H2O in acidic 

media). Conversely, bulk FeN4 species will be inaccessible for ORR, thus lowering 

overall electrocatalyst activity
[129, 193]

. The site density (SD) and turnover frequency 

(TOF) of accessible FeN4 sites are two descriptors for the ORR electrocatalysts
[58, 119, 

194, 195, 196, 197]
. SD-TOF maps from four Fe-N-C benchmark catalysts showed that 

microporous Fe-N-C catalysts can accommodate abundant FeN4 sites with a large SD, 

but suffer from a low TOF. Conversely, surface FeN4 sites in mesoporous Fe-N-C 

catalysts allow ORR to proceed very efficiently with a high TOF, but with a low 

SD
[119]

. Ideally, a Fe-N-C catalyst for ORR should have a high SD and a high TOF. 

The utilization rate of FeN4 sites can be defined as the ratio between the SD of 

accessible FeN4 sites and overall FeN4 sites in the Fe-N-C materials
[149]

. In typical 

rotating disk electrode (RDE) tests, the utilization rate of FeN4 sites in Fe-N-C 

electrocatalysts (Fe loading ~4.0 wt.%) is generally below 10.0%, meaning that the 

effective Fe loading for ORR is only ~0.3 wt.%
[26, 119]

. In typical rotating disk 
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electrode (RDE) tests, the utilization rate of FeN4 sites in Fe-N-C electrocatalysts (Fe 

loading ~4.0 wt.%) is generally below 10.0%, meaning that the effective Fe loading 

for ORR is only ~0.3 wt.%
[26, 119]

. Thus, engineering the morphology of Fe-N-C 

electrocatalysts to maximize reactant accessibility to FeN4 active sites is key to 

achieving efficient ORR performance at low metal catalyst loadings. 

Zeolitic imidazolate framework-8 (ZIF-8) crystals, comprising Zn
2+

 nodes 

tetrahedrally coordinated by four nitrogen-containing 2-methylimidazole organic 

linkers, have been widely used as a sacrificial template for preparing N-doped 

carbons
[36, 198]

. The microporous nature of ZIF-8 precursors (1600 m
2
 g

-1
) imparts 

pyrolysis-derived N-doped carbons with abundant micropores to accommodate iron 

single atoms, thus offering a simple route to Fe-N-C electrocatalysts
[10, 121, 193]

. 

However, the direct pyrolysis of ZIF-8 precursors can result in micropore shrinkage 

and collapse, thereby yielding dense N-doped carbons with Fe nanoparticles and a 

low density of catalytically accessible iron single atom sites
[10, 129, 199, 200]

. The use of 

porogens such PVP, or mesoporous-SiO2-protected strategies, have thus been used to 

obtain ZIF-8-derived carbons with high microporosity and large specific surface area, 

thereby improving the site density of accessible Fe single atom sites in final Fe-N-C 

catalysts
[104, 129]

. However, these strategies usually involve tedious pre-coating or post 

pyrolysis-etching procedures. NaCl is a water-soluble and has been previously used to 

create microporous carbon materials with high external surface areas by the pyrolysis 

approach
[137, 138, 139]

. Presently, little information is available about the ORR 

performance of Fe-N-C catalysts prepared by the pyrolysis route in the presence of 
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NaCl (especially for ORR in the acid media). In the previous studies where NaCl was 

used a surface textural modifier
[137, 138, 139, 201]

, the NaCl appeared penetrate the inner 

pores of the ZIF-8 precursor, resulting in loss of the characteristic dodecahedral shape 

and microporosity of the ZIF-8 precursor via delamination, leading to the creation of 

N-doped carbon nanosheets of low microporosity. The loss of micropores during 

pyrolysis step in turn reduced the availability of FeN4 sites active sites for ORR, 

leading to modest performance. This motivates further work aimed at preserving the 

micropore-rich nature of the ZIF-8 precursor during the NaCl-assisted pyrolysis step, 

thus delivering microporous N-doped carbons with a high external surface area for 

accommodating catalytically accessible FeN4 sites for ORR. 

Here, we described a molten NaCl-assisted strategy for the synthesis of 

micropore-rich Fe-N-C electrocatalysts (Fe/NC-NaCl) with a high density of 

accessible FeNx active sites for efficient ORR (Scheme 1). A hierarchically porous 

N-doped carbon support (denoted as NC-NaCl) was fabricated by the pyrolysis of a 

physical mixture of ZIF-8 and NaCl powders at 1000 
o
C under N2. With heating up to 

800 
o
C, the ZIF-8 precursor partially carbonized. The NaCl melted at 801 

o
C, 

enveloping the developing N-doped carbons. By this approach, the NC-NaCl product 

retained much of the initial morphology and microporosity of ZIF-8 precursor. After 

washing with water to remove the NaCl, Fe
3+

 ions were subsequently adsorbed onto 

the obtained N-doped carbon support. A second pyrolysis step (900 
o
C for 2 h in N2) 

yielded a Fe/NC-NaCl electrocatalyst rich in micropores (overall BET surface area 

1911 m
2
 g

-1
) that possessed a high external surface area (504 m

2
 g

-1
) and a 
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high-density accessible FeN4 sites (26.3×10
19

 sites g
-1

). Benefitting from these 

attributes, the Fe/NC-NaCl electrocatalyst exhibited excellent ORR performance with 

a high half-wave potential (E1/2) of 0.832 V (vs. reversible hydrogen electrode (RHE)) 

in a 0.1 M HClO4 electrolyte. Moreover, when Fe/NC-NaCl was used as the cathode 

catalyst in a PEMFC, peak power densities (Pm) of 0.89 W cm
-2

 and 0.39 W cm
-2

 were 

realized in 1.0 bar H2-O2 and 1.0 bar H2-air, respectively. Results position 

Fe/NC-NaCl as a state-of-the-art PGM-free ORR electrocatalyst. 
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4.2 Experimental 

4.2.1 Materials 

Zinc nitrate hexahydrate (Zn(NO3)26H2O, ≥ 99.0 %) and 2-methylimidazole (≥ 

98.0 %) were purchased from Sigma-Aldrich. Iron chloride hexahydrate (FeCl36H2O, 

≥ 99.0 %) and sodium chloride (NaCl, ≥ 99.5 %) were purchased from Beijing 

Chemical Works. All other chemicals and solvents were of reagent grade and used 

without further purification. Deionized water was used throughout this study. 

4.2.2 Syntheses 

4.2.2.1 Synthesis of ZIF-8 

Zn(NO3)2·6H2O (34.6 g) was dissolved in 800 mL of methanol, with the resulting 

solution then being added under constant stirring into a solution of 2-methylimidazole 

(80.0 g) dissolved in 1200 mL of methanol. The resulting mixture was stirred at room 

temperature for 6 h. The ZIF-8 product was then collected by centrifugation, washed 

three times with methanol, then dried in an oven at 60 ºC overnight. 

4.2.2.2 Synthesis of NC-NaCl 

ZIF-8 powder (1.0 g) and NaCl (1.0 g) were physically mixed by gentle grinding with 

a mortar and pestle for 10 min, after which the mixture was heated at 1000 ºC under a 

N2 flow for 2 h. The product was washed three times with deionized water to remove 

any residual NaCl, then dried at 80 
o
C overnight, yielding the catalyst denoted herein 

as NC-NaCl. A reference N-doped carbon catalyst (denoted here as NC) was prepared 

by direct pyrolysis of ZIF-8 in the absence of NaCl. 

4.2.2.3 Synthesis of NC-NaCl-x (x = 0.33 and 3) 
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To investigate the effect of the NaCl to ZIF-8 weight ratio on the properties and 

performance of the N-doped carbon products, several further N-doped carbons were 

prepared at NaCl:ZIF-8 weight ratios (x) of 0.33 and 4. These N-doped carbons are 

denoted herein as NC-NaCl-0.33 and NC-NaCl-3, respectively. 

4.2.2.4 Synthesis of Fe/NC-NaCl, Fe/NC-NaCl-x (x = 0.33 and 3) and Fe/NC 

FeCl3·6H2O (10.0 mg) and NC-NaCl (200.0 mg), NC-NaCl-x (200.0 mg) or NC 

(200.0 mg) were added to 100 mL of methanol, with the resulting dispersion being 

stirred for 12 h at room temperature to allow adsorption of the Fe
3+

 ions onto the 

N-doped carbon supports. The solid products were then collected by centrifugation, 

dried, then heated at 900 ºC for 2 h under a N2 flow. The obtained products are 

denoted herein as Fe/NC-NaCl, Fe/NC-NaCl-x and Fe/NC, respectively. 

4.2.3 Characterization 

Powder XRD patterns were collected over the 2 range 10-60º on a Bruker D8 Focus 

X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.5405 Å). Raman 

spectra were collected on Renishaw inVia Reflex spectrometer system equipped with 

a 520 nm laser excitation source. N2 adsorption-desorption isotherms were determined 

at 77 K using a Quadrasorb SI MP apparatus. High resolution transmission electron 

microscopy (HRTEM) images and high-angle annular dark filed scanning TEM 

(HAADF-STEM) images were collected on a JEOL-2100F transmission electron 

microscope operating at 200 kV. Aberration-corrected HAADF-STEM images and 

energy-dispersive X-ray spectroscopy (EDX) spectra were acquired on a 

JEM-ARM300F S/STEM (JEOL) operating at 300 kV. Inductively coupled 
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plasma-optical emission spectroscopy (ICP-OES, Varian 710) was used to quantify 

the amount of Zn and Fe in the samples. To prepare the samples for ICP-OES, 

samples were first calcined at 600 ºC for 6 h to remove the N-doped carbon support, 

then the solid residues dissolved in aqua regia (HNO3·3HCl) at 60 ºC. Finally, the 

solutions were diluted to the ppm range for the ICP-OES measurements. 

Fe K-edge XAFS data were collected in fluorescence mode on the X-ray Absorption 

Spectroscopy beamline at the Australian Synchrotron (200 mA, 4.0 GeV). The 

powder samples were homogeneously mixed with cellulose to obtain a Fe 

concentration of around 1000 ppm. A Si(111) single crystal was used to 

monochromatize the X-ray beam. The raw XAFS data were processed 

(background-subtraction, normalization and Fourier transformation) using standard 

procedures within the Athena module of the IFEFFIT software package. EXAFS 

fitting was performed by the Artemis module, following the EXAFS equation below: 

χ(𝑘) = ∑
𝑁𝑗𝑆0

2𝐹𝑗(𝑘)

𝑘𝑅𝑗
2

𝑗
exp[−2𝑘2𝜎𝑗

2]exp [
−2𝑅𝑗

𝜆(𝑘)
]sin [2𝑘𝑅𝑗 + ∅𝑗(𝑘)] 

where S0
2
 is the amplitude reduction factor, Fj(k) is the effective curved-wave 

backscattering amplitude, Nj is the number of neighbors in the jth atomic shell, Rj is 

the distance between the X-ray absorbing central atom and the atoms in the jth atomic 

shell, λ is the mean free path in Å, ϕj(k) is the phase shift, σj
2
 is the Debye-Waller 

parameter of the jth atomic shell (variation of distances around the average Rj). 

Fe L-edge, N K-edge and C-K edge XANES spectra were collected on the Soft X-ray 

beamline at the Australian Synchrotron, in the total electron yield (TEY) mode. A 

gold mesh in the beamline was used to eliminate potential spectral artifacts caused by 
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fluctuations in the beam intensity whilst scanning. Samples were sprinkled onto a 

conductive carbon tape for the measurements. 

4.2.4 Electrochemical measurements 

All the electrochemical tests were performed in a CHI 7001 electrochemical 

workstation. The three-electrode-system used for ORR tests contained a glassy carbon 

disk electrode (5.61 mm of disk outer diameter) modified with catalyst as the working 

electrode, a saturated calomel electrode (SCE) as the reference electrode, and a Pt 

plate as the counter electrode. Catalyst inks were prepared by ultrasonically dispersing 

10.0 mg of catalyst into 1.0 mL of a solution containing 30 μL Nafion (5 wt.%), 800 

μL ethanol and 170 μL of H2O. Next, 24 μL of a catalyst ink was carefully dropped 

onto the surface of a freshly polished glassy carbon electrode, and the droplet allowed 

to air-dry to give a catalyst loading of 1.2 mg cm
-2

. A commercial Pt/C (20 wt.%) 

catalyst was used a reference ORR catalyst (with a loading on the GCE of 50 μg Pt 

cm
–2

). All ORR tests were conducted in an aqueous 0.1 M HClO4 electrolyte at room 

temperature and a rotation speed of 1600 rpm. For rotating disk electrode (RDE) tests, 

linear sweep voltammetry (LSV) curves in the potential range 1.1 to 0.2 V vs. RHE 

were first measured at a scan rate of 10 mV s
–1

 in an O2-saturated 0.1 M HClO4 

electrolyte. Further LSV curves at the same scan rate were also collected in a 

N2-saturated 0.1 M HClO4 electrolyte to remove the capacitive background. The final 

oxygen reduction currents were obtained from the difference between the LSV curves 

measured in the O2-saturated and N2-saturated electrolytes.  

The ORR electron transfer number (n) and the peroxide yields (% H2O2) were 
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measured using a rotating ring disk electrode (RRDE), with a glassy carbon disk 

(0.2472 cm
2
) and Pt ring (6.25 mm ring inner diameter, 7.92 mm outer diameter, and a 

320 μm ring-disk gap). RRDE measurements were conducted by linear sweep 

voltammetry (LSV) from 1.1 V to 0.2 V vs. RHE at a scan rate of 10 mV s
–1

 at 1600 

rpm, while the ring electrode was held at 1.3 V vs. RHE. The electron transfer number 

and the % H2O2 were calculated from the ring current (Ir) and the disk current (Id) 

using the following equations: 

𝑛 =
4𝐼𝐷

I𝐷 + (𝐼𝑅/𝑁)
 

% 𝐻2𝑂2 = 100
2𝐼𝑅/𝑁

𝐼𝐷 + (𝐼𝑅/𝑁)
 

Where ID is the Faradaic current at the disk, IR is the Faradaic current at the ring, and 

N is the H2O2 collection coefficient at the ring (N = 0.37). 

Methanol tolerance tests were performed by chronoamperometry at 0.5 V vs. RHE, by 

adding 1.0 M of methanol at 300 s. Catalyst stability tests used chronoamperometry at 

0.5 V vs. RHE over 10,000 s, and at 0.8 V vs. RHE over 10,000 s and 16 h. 

4.2.5 Quantification of the active sites 

The site densities of FeN4 sites in the Fe/NC-NaCl, Fe/NC-NaCl-x (x = 0.33 and 3) 

and Fe(L)/NC catalysts were determined according to the method described by 

Kucernak et al.
[26]

 The method is based on the adsorption and reduction of nitrite 

(NO2
-
) on the central Fe atoms of FeN4 sites. The experiments required three stages, 1) 

Experiments without nitrite measuring the ORR LSV curves and the nitrite reduction 

region CV background; 2) Experiments with nitrite measuring ORR LSV curves and 

the nitrite reduction region CV; 3) Further experiments without nitrate to study 
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catalyst recovery for ORR. 

The site density (SD), turnover frequency (TOF) and utilization rate of FeN4 site 

(UFeN4) were calculated using the following equations:
[26, 129]

 

SD (site g
-1

) = 
𝑄𝑠𝑡𝑟𝑖𝑝 × 𝑁𝐴

𝑛𝑠𝑡𝑟𝑖𝑝 ×𝐹 
 

TOF (s
-1

) = 
𝑛𝑠𝑡𝑟𝑖𝑝∆𝑗𝑘(mA cm−2)

𝑄𝑠𝑡𝑟𝑖𝑝(𝐶 𝑔−1)𝐿𝑐(mg cm−2)
 

UFeN4 = 
𝑆𝐷 (𝑚𝑜𝑙 𝑔−1) × 𝑀𝐹𝑒 (𝑔 𝑚𝑜𝑙−1)

 𝐹𝑒 𝑤𝑡%
 

where Qstrip (C g
-1

) is the excess coulometric charge associated with the stripping peak, 

NA is Avogadro constant (NA = 6.02×10
23

), the F is the Faraday constant (F = 96485 C 

mol
-1

), nstrip is the  number of electrons associated with the reduction of one nitrite per 

site (nstrip = 5), jk (mA cm
-2

) is the kinetic current density, 𝑗𝑘 =  
𝑗𝑙𝑖𝑚×𝑗

𝑗𝑙𝑖𝑚−𝑗
, ∆𝑗𝑘 =

𝑗𝑘(𝑢𝑛𝑝𝑜𝑠𝑖𝑜𝑛𝑒𝑑)-𝑗𝑘(𝑝𝑜𝑖𝑠𝑜𝑛𝑒𝑑). mcat (g) is the mass of catalyst. Lcat is the catalyst loading 

during the reversible nitrite poisoning experiments (0.4 mg cm
–2

). 

4.2.6 Fuel cell tests 

The catalyst inks used the fuel cell tests were the same as those used for the RDE tests. 

To prepare the fuel cell cathodes, the catalyst inks were pipetted onto a gas diffusion 

layer (5 cm
2
) to give a catalyst loading of 4.0 mg cm

-2
, then dried in an oven at 80 ºC 

for 3 h. The anode was fabricated using a 20 wt.% JM-PtRu/C catalyst (Johnson 

Matthey Inc., UK) and possessed a Pt content around 0.06 mg cm
-2

. The final fuel cell 

membrane electrode assembly (MEA) was fabricated by hot-pressing the cathode and 

the anode gas diffusion layers onto different sides of a Nafion membrane (211) at 135 

ºC and 5 MPa for 150 s. For the fuel cell tests, pure hydrogen was fed to the anode at 
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150 mL min
-1

 and pure oxygen or air to the cathode at 200 mL min
-1

. 

4.3 Results and discussion 

 

Figure 4.1. Schematic illustration of the synthesis of Fe/NC-NaCl via the surface 

molten NaCl-assisted strategy. In the molecular depiction of the Fe/NC-NaCl product, 

the grey, yellow and pink spheres represent C, N and Fe atoms, respectively. 

As depicted in Figure 4.1., the Fe/NC-NaCl electrocatalyst was synthesized using a 

molten NaCl-assisted pyrolysis strategy. ZIF-8 powder was physically mixed with 

NaCl (typically in a ZIF-8:NaCl weight ratio of 1:1) and the resulting powder mixture 

heated at 1000 ºC for 2 h under a flowing nitrogen atmosphere. The product was then 

soaked in water to remove the NaCl, then dried. The obtained ZIF-8-derived 

hierarchically porous carbon (NC-NaCl) was then soaked in methanolic FeCl3·6H2O 

for 12 h, dried, then subjected to a second pyrolysis treatment at 900 ºC for 2 h 

(yielding Fe/NC-NaCl). For comparison, a Fe/NC reference material was also 

prepared using an identical procedure, except that NaCl was not included in the 

synthesis. 
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Figure 4.2. TEM images of (A, B) NC and (C, D) NC-NaCl. 

 

Figure 4.3. Physical properties of NC and NC-NaCl. (A) N2 adsorption and 

desorption isotherms and (B) pore size distributions for NC and NC-NaCl. (C) XRD 

patterns and (D) Raman spectra for NC-NaCl and NC. 

Table 4.1. Elemental analysis results for NC-NaCl and NC. 

Sample C (wt.%) N (wt.%) H (wt.%) Zn (wt.%) 

NC-NaCl 92.92 5.47 0.57 1.04 

NC 88.31 6.30 2.89 2.35 
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Characterization studies revealed that the NaCl additive played an important role in 

producing a highly porous N-doped carbon support. Transmission electron 

microscopy images (Figure 4.2.A and Figure 4.2.B) showed that the NC product 

prepared in the absence of NaCl was quite dense, whereas the NC-NaCl product 

(Figure 4.2.C and Figure 4.2.D) possessed a much more porous structure, whilst also 

retaining the dodecahedron morphology of the original ZIF-8 nanoparticles. N2 

physisorption experiments were conducted to determine the specific surface areas and 

pore sizes of the NC and NC-NaCl products. As shown in Figure 4.3.A, both NC and 

NC-NaCl displayed type IV isotherms with a steep increase in Vads at relatively low 

N2 pressures (P/P0 = 0-0.015) due to micropores and a well-defined hysteresis loop at 

higher N2 pressures (P/P0 = 0.4-0.95) due to mesopores. NC-NaCl possessed a larger 

Brunauer-Emmett-Teller (BET) surface area (1945 m
2
 g

-1
) than NC (1245 m

2
 g

-1
), 

which is explained by more abundant micropores and smaller-sized mesopores in the 

former (Figure 4.3.B). The enhanced porosity of NC-NaCl was expected to be 

beneficial for the adsorption of Fe
3+

 and the creation of well-dispersed FeN4 single 

atom sites during the second pyrolysis stage (Figure 4.1.). XRD (Figure 4.3.C) and 

Raman results (Figure 4.3.D) revealed that NC-NaCl and NC contained 

semi-graphitized N-doped carbon domains, with similar ID/IG ratios (0.96 and 1.00, 

respectively). Bulk elemental analyses (Table 4.1.) showed slight compositional 

variations between the samples, with NC-NaCl having a lower nitrogen to carbon 

weight ratio than NC (0.059 to 0.071, respectively) and NC containing more residual 

H and Zn from the ZIF-8 precursor. During the pyrolysis of ZIF-8, Zn is lost by 
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sublimation. Results here suggest that the molten NaCl-assisted synthesis strategy 

aided Zn sublimation. 

 

Figure 4.4. Morphology characterization of Fe/NC-NaCl and Fe/NC. (A) STEM 

image, (B) HR-TEM image, (C) Aberration-corrected HAADF-STEM image, (D) 

STEM image and corresponding EDX elemental mapping images of Fe/NC-NaCl. (E) 

and (F) TEM images for Fe/NC. 

 

900 1200 1500 1800 2100

I
D
/I

G
 = 0.98

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

I
D
/I

G
 = 0.95

D G

Fe/NC-NaCl

Fe/NC

10 20 30 40 50 60

(101)

(002)

Fe/NC

Fe/NC-NaCl

In
te

n
s
it
y
 (

a
.u

.)

2(degree)

Fe PDF#06-0696

396 400 404 408 412

Graphitic N

 Fe/NC

 Fe/NC-NaCl

In
te

n
s
it
y
 (

a
.u

.)

Photon  Energy (eV)

* *

N K edge

Pyridinic N

Pyrrolic N

C-N

280 284 288 292 296 300

C=N

 Fe/NC

 Fe/NC-NaCl

In
te

n
s
it
y
 (

a
.u

.)

Photon  Energy (eV)

* *

C K edge

C=C

C-C/C-N

A B

C D



Chapter 4        Engineering the site density of FeN4 sites on Fe-N-C electrocatalyst for PEMFC 

128 
 

Figure 4.5. Physical properties of Fe/NC-NaCl and Fe/NC. (A) XRD patterns, (B) 

Raman spectra, (C) C K edge and (D) N K edge XANES spectra for Fe/NC-NaCl and 

Fe/NC. 

Table 4.2. Elemental analysis results for Fe/NC-NaCl and Fe/NC. 

Sample C (wt.%) N (wt.%) H (wt.%) Fe (wt.%) Zn (wt.%) 

Fe/NC 87.65 6.53 4.44 1.10 1.28 

Fe/NC-NaCl 92.51 5.17 0.84 1.39 0.09 

The morphology of Fe/NC-NaCl was next examined. Scanning TEM (STEM) 

(Figure 4.4.A), high-resolution TEM (HR-TEM) (Figure 4.4.B) and 

aberration-corrected high-angle annular dark field STEM (HAADF-STEM) (Figure 

4.4.C) revealed that Fe/NC-NaCl possessed a porous structure similar to NC-NaCl, 

comprising micropores and irregular spherical shaped mesopores. No Fe-containing 

nanoparticles or clusters were observed in the HR-TEM image of Fe/NC-NaCl 

(Figure 4.4.B). Bright dots were seen in the HAADF-STEM image of Fe/NC-NaCl 

(Figure 4.4.C), consistent with the presence of atomically dispersed iron atoms. 

Energy-dispersive X-ray (EDX) mapping images (Figure 4.4.D) indicated a uniform 

dispersion of Fe and N over the carbon framework of Fe/NC-NaCl. The Fe content in 

the sample was determined to be 1.39 wt.%, based on the inductively coupled plasma 

optical emission spectrometry (ICP-OES) measurements (Table 4.2.). The Fe/NC 

reference sample possessed a similar Fe content (1.10 wt.%), yet was less effective in 

dispersing Fe in single atom form. Fe nanoparticles were observed in TEM images of 

the sample (Figure 4.4.E and Figure 4.4.F), whilst Fe metal peaks were also 

observed by XRD (e.g. Fe(110) ~44.6º, PDF# 06-0696, Figure 4.5.A). Conversely, 

the XRD pattern of Fe/NC-NaCl displayed only two broadpeaks at 24.3º and 44.7º 
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due to the (002) and (101) planes, respectively of graphitic carbon. Raman spectra for 

Fe/NC-NaCl and Fe/NC (Figure 4.5.B) were similar to spectra for the NC-NaCl and 

NC supports (Figure 4.3.B), indicating that Fe decoration and the second pyrolysis 

stage did not structurally alter the N-doped carbon supports. Table 4.2. shows that the 

N:C weight ratios in Fe/NC-NaCl and Fe/NC were similar to those in NC-NaCl and 

NC (Table 4.1.), respectively. N K edge X-ray absorption near-edge spectroscopy 

(XANES) analyses revealed the nitrogen speciation in the Fe/NC-NaCl and Fe/NC 

samples to be similar (Figure 4.5.C). Three distinct N 1sπ* transitions were seen in 

the N K-edge spectra, which can be assigned to pyridinic N (398.4 eV), pyrrolic N 

(399.6 eV) and graphitic N (401.2 eV), respectively
[202]

. The Fe/NC-NaCl sample had 

a more intense graphitic N peak compared to Fe/NC. The C K-edge XANES spectra 

(Figure 4.5.D) also provide evidence for more graphitic N in Fe/NC-NaCl relative to 

Fe/NC, evidenced by a very intense peak at 288.6 eV for Fe/NC-NaCl due to 

excitation of a C 1s electron into π* orbitals of C=N (ring) units. 
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Figure 4.6. XAS analysis of Fe/NC and Fe/NC-NaCl. (A) Fe K-edge XANES spectra, 

(B) Fe L-edge XANES spectra, (C) Fourier-transformed Fe K-edge EXAFS spectra, 

(D) k
2
-weighted wavelet transformed Fe K-edge EXAFS spectra for Fe/NC, 

Fe/NC-NaCl and related reference compounds. (E) Fe K-edge EXAFS fitting results 

for Fe/NC-NaCl in R space. The insert in E shows a FeN4O moiety used to fit the 

EXAFS data (the yellow, blue and purple spheres represent Fe, N and O, 

respectively). 

Table 4.3. Fe K-edge EXAFS fitting results for Fe/NC-NaCl and a reference Fe foil. 

Sample Path N R (Å) σ
2
 (×10

-3
 Å

2
) ΔE0 (eV) R, % 

Fe foil
[a]

 Fe-Fe1 8 2.48±0.03 5±3 7±5 0.88 

 Fe-Fe2 6 2.86±0.02 6±5 

Fe/NC-NaCl
[b]

 Fe-N 4.0±0.4 1.95±0.01 4±2 0±1 0.75 

 Fe-O 1.6±0.2 2.06±0.03 1±0 

 Fe-C 2.2±0.9 2.98±0.05 8±4 

 Fe-N 3.3±1.4 3.39±0.03 4±2 

[a]: k range: 3-10.0 (Å
-1

); R range: 1-3 Å; [b]: k range: 2.5-10.8 (Å
-1

); R range: 1.0-3.0 

Å; S0
2
 = 0.69 and determined from the Fe foil. The bolded numbers represent fixed 

coordination numbers. 
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samples were probed using a combination of soft and hard X-ray absorption 

spectroscopies (XAS). Fe K-edge XANES was first applied to analyze the oxidation 

state of the Fe atoms in each sample (Figure 4.6.A). The Fe K-edge edge absorption 

position for Fe/NC-NaCl was close to that of Fe2O3, suggesting an iron oxidation state 

close to +3 in the sample
[150]

. The Fe L-edge XANES spectrum for Fe/NC-NaCl 

(Figure 4.6.B) also suggested that Fe(III) was the dominant iron speciation in the 

sample, evidenced by an intense peak at 709.5 eV and a small shoulder peak at 708.0 

eV in the L3 (2p3/2 → 3d) region, as also observed for Fe2O3
[203]

. Conversely, the Fe 

K-edge XANES spectrum for Fe/NC was similar to that of the metallic Fe foil 

reference, consistent with the presence of metallic Fe nanoparticles in that sample. In 

contrast, the Fe L-edge spectrum of Fe/NC showed the predominance of Fe(III). This 

is explained by the Fe L-edge data originating from the top few nm of the sample 

(data were collected in total electron yield mode), whereas the Fe K-edge data probed 

the bulk of the sample (data collected in fluorescence mode). Hence, Fe/NC likely 

contains Fe nanoparticles with a thin oxide shell. Fe K-edge extended X-ray 

absorption fine structure (EXAFS) was applied to examine the local coordination 

geometry of Fe sites in the Fe/NC-NaCl and Fe/NC. Since Fe/NC-NaCl was expected 

to contain FeN4 single atom sites, iron phthalocyanine (FePc) was used as Fe-N 

scattering path reference. A metallic Fe foil was used to represent metallic Fe 

nanoparticles in Fe/NC. In the Fourier-transformed (FT) EXAFS R-space plots 

(Figure 4.6.C), Fe/NC-NaCl showed an intense peak at 1.5 Å, a position consistent 

with the first Fe-N shell in the FePc reference. No obvious scattering path for a Fe-Fe 
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coordination was seen at higher R values (R > 2 Å), eliminating the possibility that the 

sample contained metallic Fe nanoparticles. The FT EXAFS data thus confirms 

atomically dispersed Fe single atom sites in Fe/NC-NaCl. In contrast, the FT EXAFS 

spectrum of Fe/NC was dominated by a peak at 2.2 Å, confirming the presence of 

metallic Fe nanoparticles. A further weak feature was seen around 1.5 Å, due to either 

FeN4 sites (Fe-N scattering path) or the Fe2O3 shell on the Fe nanoparticles (Fe-O 

scattering path). Wavelet transformed (WT) EXAFS is able to simultaneously resolve 

the k and R dependence of absorption signals, and is therefore better suited for 

distinguishing heavier and lighter backscattering atoms
[204]

. The k
3
-weighted WT 

EXAFS spectra for the FePc and Fe foil reference samples showed contour intensity 

maxima at 5 Å
-1

 and 8 Å
-1

, representing the maximum resolution in k space for the 

Fe-N and Fe-Fe scattering paths, respectively. The contour maximum of k for 

Fe/NC-NaCl (Figure 4.6.D) was very similar to that determined for FePc, thus 

implying Fe/NC-NaCl and FePc possessed comparable Fe coordination. EXAFS 

fitting analysis was used to calculate the first shell coordination number and 

interatomic bonding distance of the central Fe sites in Fe/NC-NaCl. As shown in 

Figure 4.6.E and Table 4.3., the first coordination shell of Fe/NC-NaCl could be 

fitted by a mixture of Fe-N and Fe-O coordination paths, with coordination numbers 

of 4.0±0.4 and 1.6±0.2, respectively. This implies that the central Fe sites in the 

Fe/NC-NaCl possessed a FeN4O configuration, i.e. an in-plane FeN4 moiety with two 

axial oxygen atom (Figure 4.6.E, inset). The X-ray absorption experiments thus 

confirm that the inclusion of NaCl in the synthesis of NC-NaCl, which in turn was 
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used to prepare Fe/NC-NaCl, resulted in a porous N-doped carbon support that could 

support atomically dispersed Fe sites at a high loading (~1.4 wt.%). 

 

Figure 4.7. Pore structure of Fe/NC-NaCl-x electrocatalysts (x = 0, 0.33, 1, 3). (A) 

BET specific surface areas and micropore surface areas, (B) BJH pore size 

distributions for the different Fe/NC-NaCl-x electrocatalysts (x = 0, 0.33, 1, 3). 

Table 4.4. BET surface areas, micropore surface areas and external surface areas for 

Fe(L)/NC and Fe/NC-NaCl-x (x = 0.33, 1, 3). 

Sample 
BET surface 

area (m
2
 g

-1
) 

BJH pore 

volume (cm
3
 g

-1
) 

Micropore 

surface area 

External surface 

area (m
2
 g

-1
) 

Fe(L)/NC 1338 0.77 1151 187 

Fe/NC-NaCl-0.33 1521 0.87 1316 205 

Fe/NC-NaCl-1* 1911 1.44 1407 504 

Fe/NC-NaCl-3 1671 1.12 1332 338 

To further investigate the critical role of NaCl in the synthesis of Fe/NC-NaCl 

electrocatalyst, a series of Fe/NC-NaCl-x electrocatalysts were prepared by adjusting 

the weight ratio (x) of NaCl to ZIF-8 (x = 0.33, 1, 3) used in the synthesis of the 

catalysts. Note that the Fe/NC-NaCl-1 sample is the sample denoted as Fe/NC-NaCl 

in the above discussion. For comparison, a Fe/NC material with a lower Fe content 

(denoted herein as Fe(L)/NC) was prepared without NaCl. The low Fe content was 

selected to avoid the undesirable formation of Fe nanoparticles. The pore structures of 
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Fe(L)/NC and Fe/NC-NaCl-x (x = 0.33, 1, 3) were examined by N2 physisorption 

measurements (Figure 4.7.A). Pore size distributions were analyzed using the 

quenched solid density functional theory (QSDFT) method for micropores (d < 2 nm) 

and small-sized mesopores (2 nm < d < 10 nm). The Barrett-Joyner-Halenda (BJH) 

method was used to probe the larger mesopores (10 nm < d < 120 nm). Compared to 

Fe(L)/NC (Sa = 1338 m
2
 g

-1
), all of the NaCl-assisted Fe-N-C samples showed higher 

BET surface areas (1521-1911 m
2
 g

-1
, Table 4.4.). The increased BET surface areas of 

the Fe/NC-NaCl-x samples were due to more abundant micropores and smaller-sized 

mesopores (2 nm < d < 5 nm) (Figure 4.7.B, Table 4.4.). The Fe/NC-NaCl-1 

electrocatalyst prepared at a NaCl:ZIF-8 weight ratio of 1 afforded the highest BET 

surface area (1911 m
2
 g

-1
), comprising a micropore surface area of 1407 m

2
 g

-1
 and an 

external surface area of 504 m
2
 g

-1
. 

Table 4.5. BET surface area comparison of various ZIF-derived carbon materials. 

Sample 
BET surface area 

(m
2
 g

-1
) 

Reference 

Co,N-CNF 1170 Adv. Mater. 2016, 28, 1668.
[130]

 

Fe-ZIF (50 nm) 614 J. Am. Chem. Soc. 2017, 139, 14144.
[121]

 

Z8-P 1381 Small 2018, 14, 1704169.
[137]

 

NLPC 1579.3 Adv. Funct. Mater. 2018, 28, 1705356.
[138]

 

NHPC1:3-900 1302 J. Mater. Chem. A 2018, 6, 10731.
[139]

 

ZIF-NC-0.5Fe-700 396 Angew. Chem. Int. Ed. 2019, 58, 2.
[65]

 

H-Fe-Nx-C 917 ACS Nano 2019, 13, 8087.
[48]

 

Ir-SAC 1490 Angew. Chem. Int. Ed. 2019, 58, 9640.
[115]

 

Ru-SSC 1362 J. Am. Chem. Soc. 2019, 141, 19800.
[116]

 

Co-N-C@F127 825 Energy Environ. Sci. 2019, 12, 250.
[104]
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FeN4/HOPC-c-1000 1483 Angew. Chem. Int. Ed. 2020, 59, 2688.
[134]

 

Co(mIm)-C(1.0) 690 Nat. Catal. 2020, 3, 1044.
[97]

 

Fe/NC-NaCl 1911 This work 

Note that the BET surface area of Fe/NC-NaCl-1 achieved in this work is the highest 

among ZIF-8-derived carbon materials reported to date (Table 4.5.)
[129, 130, 134, 139]

. The 

porous nature of the Fe/NC-NaCl-x electrocatalysts was evident in the TEM images of 

Figure 4.8., which revealed rough surfaces and small-sized mesopores. Prior 

literature suggests that molten NaCl-assisted pyrolysis of N- and C-rich precursors 

usually yields N-doped carbon nanosheets, with the molten NaCl inducing the growth 

of N-doped carbon on its liquid surface
[137, 138, 139, 144, 146, 205]

. Here, the NC-NaCl-x and 

Fe/NC-NaCl-x electrocatalysts retained much of the dodecahedron morphology and 

porosity of the ZIF-8 precursor. This suggests that the NaCl did not enter ZIF-8 pores 

during the first pyrolysis stage, and instead only interacted with the surface of 

ZIF-8-derived carbons. 

Next, the capacity of the Fe/NC-NaCl-x electrocatalysts to host Fe single atoms 

was investigated. Before undertaking the analysis, characterization studies were 

performed on the Fe/NC-NaCl-0.33 and Fe/NC-NaCl-3 electrocatalysts (data for 

Fe/NC-NaCl-1 has already been presented Figure 4.4., Figure 4.5., and Figure 4.6.). 

XRD patterns (Figure 4.9.) and Fe-K edge XAFS spectra (Figure 4.10.) for all the 

Fe/NC-NaCl-x electrocatalysts were similar, with all catalysts possessing FeN4 sites. 

ICP-OES analysis (Table 4.6.) showed the Fe contents in the Fe/NC-NaCl-x 

electrocatalysts to be similar (1.14, 1.39 and 1.26 wt.% for Fe/NC-NaCl-0.33, 

https://www.nature.com/natcatal
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Fe/NC-NaCl-1, and Fe/NC-NaCl-3, respectively). The reference Fe(L)/NC 

electrocatalyst, prepared without NaCl, had a Fe content of 0.46 wt.% (this was the 

maximum Fe loading achievable without Fe nanoparticle formation). Clearly the 

molten NaCl-assisted strategy yielded Fe-N-C electrocatalysts with more porous 

structures, which in turn allowed a higher FeN4 loading without undesirable 

aggregation. The Fe/NC-NaCl-1 electrocatalyst (or simply Fe/NC-NaCl 

electrocatalyst) possessed both the highest BET surface area and FeN4 loading 

amongst the catalysts prepared in this work. Accordingly, Fe/NC-NaCl was expected 

to offer the best ORR performance, a hypothesis confirmed by experiment below. 
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Figure 4.8. TEM images for (A, B) Fe(L)/NC, (C, D) Fe/NC-NaCl-0.33, (E, F) 

Fe/NC-NaCl-1 (i.e. the Fe/NC-NaCl sample) and (G, H) Fe/NC-NaCl-3. 
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Figure 4.9. XRD patterns for Fe(L)/NC and Fe/NC-NaCl-x (x = 0.33, 1, 3). 

 

Figure 4.10. (A) Fe K-edge XAFS spectra and (B) Fe K-edge FT-EXAFS spectra for 

the different Fe/NC-NaCl-x electrocatalysts (x = 0, 0.33, 1, 3). 

Table 4.6. Elemental quantification results for Fe(L)/NC and Fe/NC-NaCl-x (x = 0.33, 

1, 3). 

Sample C (wt.%) N (wt.%) H (wt.%) Fe (wt.%) Zn (wt.%) 

Fe(L)/NC 89.99 5.62 1.17 0.46 2.76 

Fe/NC-NaCl-0.33 91.56 4.89 2.23 1.14 0.18 

Fe/NC-NaCl-1* 92.51 5.17 0.84 1.39 0.09 

Fe/NC-NaCl-3 88.68 6.15 4.51 1.26 0.40 
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Figure 4.11. ORR performance of Fe/NC-NaCl and Fe/NC under RDE test. (A) ORR 

LSV curves for Fe/NC-NaCl, Fe/NC and Pt/C. (B) ORR LSV curves for Fe/NC-NaCl 

from three repeat runs. (C) ORR LSV curves for Fe/NC-NaCl with different catalyst 

loadings. (D) Electron transfer number and H2O2 yield plots. RDE test conditions: 

Fe-N-C electrocatalyst loading of 1.2 mg cm
–2

 and 50.0 gPt cm
–2

 for Pt/C. 

Table 4.7. Performance comparison of various PGM-free ORR catalysts during RDE 

testing in acidic electrolyte. 
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The number in the brackets is the standard deviation for data from three repeat runs 

(Figure 4.11.C). The catalyst loading in this work was 1.2 mg cm
-2

 (Figure 4.11.D). 

 

Figure 4.12. (A) Methanol tolerance test data for Fe/NC-NaCl, Fe/NC and Pt/C 

determined by chronoamperometry at 0.5 V vs. RHE, with the addition of 1.0 M 

methanol at 300 s. ORR stability test data for Fe/NC-NaCl, Fe/NC and Pt/C 

determined by chronoamperometry (B) at 0.5 V vs. RHE for 10,000 s, (C) at 0.8 V vs. 

RHE for 10,000 s, (D) at 0.8 V vs. RHE for 16 h. 

The ORR performance of Fe/NC-NaCl was first investigated in a 0.1 M HClO4 

electrolyte using a linear sweep voltammetry (LSV) technique. For comparison, a 

commercial Pt/C catalyst (20 wt.%) and the control Fe/NC electrocatalyst were also 

evaluated. All potentials were calibrated against the reversible hydrogen electrode 

(RHE). As depicted in Figure 4.11.A, Figure 4.11.B and Figure 4.11.C, the 

Fe/NC-NaCl electrocatalyst demonstrated an ORR onset potential of 0.960 V. The 

half-wave potential (E1/2) and kinetic current density at 0.80 V (Jk@0.80 V) for 

Fe/NC-NaCl were 0.832 V and 15.0 mA cm
-2

, respectively, much higher than that of 

Fe/NC (E1/2 = 0.780 V and Jk@0.80 V = 4.6 mA cm
-2

, respectively) and approaching 
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those of Pt/C (E1/2 = 0.866 V and Jk@0.80 V = 17.8 mA cm
-2

, respectively). 

Importantly, the E1/2 and Jk@0.8 V for Fe/NC-NaCl matched state-of-the-art Fe-N-C 

electrocatalysts recently reported (Table 4.7.)
[10, 65, 129]

. To examine the ORR pathway 

on the different catalysts, rotating ring-disk electrode (RRDE) experiments were 

conducted monitoring the formation of H2O2 during the ORR tests. As shown in 

Figure 4.11.D, the H2O2 yield for Fe/NC-NaCl was below 1.0% in the potential range 

from 0.2 to 0.8 V. This result indicated that Fe/NC-NaCl showed a very high 

selectivity for four-electron oxygen reduction to H2O (i.e. O2 + 4H
+
 + 4e

-
  2H2O), 

evidenced by an electron transfer number of ~3.98. Fe/NC-NaCl showed excellent 

methanol tolerance compared to the commercial Pt/C catalyst (Figure 4.12.A), with 

negligible current decay after 1.0 M methanol was added into the electrolyte. Further, 

a chronoamperometry stability test (Figure 4.12.B) showed that Fe/NC-NaCl retained 

~100% of its initial current rate over the 10000 s test, whereas the commercial Pt/C 

showed a 10% current drop over the same period. At a higher potential of 0.8 V vs. 

RHE, Fe/NC-NaCl retained 94.6% and 84.6% of its current density after 10,000 s and 

16 h of chronoamperometry tests, respectively (Figure 4.12.C and Figure 4.12.D). 

The activity degradation mechanism of Fe/NC-NaCl was further investigated by 

accelerated stress tests. The potential ranges applied were 0.1-0.5 V, 0.6-1.0 V and 

1.0-1.5 V (vs. RHE), respectively. After 20,000 cycles (Figure 4.13., Table 4.8.), the 

E1/2 losses for Fe/NC-NaCl were 0, 22 and 28 mV, in the low, middle and high 

potential ranges, respectively. These results indicate that the ORR activity decay of 

Fe/NC-NaCl was accelerated at higher potentials. Active site demetallation and 
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carbon corrosion have been identified as the two main reasons for the degradation of 

Fe-N-C electrocatalysts
[22, 97, 206, 207, 208, 209]

. The potential-dependent activity decay in 

this work is consistent to that of Choi et al., in which carbon corrosion was the 

dominant cause for the degradation in the high potential range (i.e., 1.0-1.5 V vs. RHE, 

also the startup/shutdown region in fuel cells), whilst the Fe demetalation accounts for 

activity decay in the middle potential range
[206]

. 

 

Figure 4.13. ORR LSV curves for Fe/NC-NaCl measured before and after 20,000 

potential cycles. The cycling potential range was (A) 0.1-0.5 V, (B) 0.6-1.0 V, or (C) 

1.0-1.5 V vs. RHE, at 20 ºC, in O2-saturated 0.1 M HClO4, with a rotating speed of 

200 rpm. 

Table 4.8. The E1/2, Eonset, Jk@.0.8 V changes of Fe/NC-NaCl after accelerated stress 

tests. 

Potential ranges 

(vs. RHE) 

0.1-0.5 V 0.6-1.0 V 1.0-1.5 V 

∆Eonset (mV) 0 0 0 

∆E1/2 (mV) 0 -22 -28 

∆Jk@0.8 V (mA cm
-2
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Figure 4.14. ORR performance of PEMFCs using Fe/NC-NaCl and Fe/NC as the 

cathode catalysts. Polarization curves of the cell voltage and power density versus 

current density for PEMFCs containing different cathodic electrocatalysts, (A, B) 

under 1.0 bar H2-O2 and (C) under 1.0 bar H2-air. (D) Fuel cell stability tests at a 

constant cathode voltage of 0.4 V under 1.0 bar H2-O2. Fuel cell test conditions: 

Fe-N-C electrocatalyst loading of 4.0 mg cm
–2

 and 0.2 mgPt cm
–2

 for Pt/C. 

Encouraged by the excellent ORR activity of Fe/NC-NaCl during the RDE tests, a 

PEMFC was constructed using Fe/NC-NaCl as the cathode electrocatalyst. The peak 

power density (Pmax) is an important metric for evaluating electrocatalysts in PEMFCs, 

providing a general measure of ORR kinetics, internal resistance and mass transport 

factors
[15]

. In a 1.0 bar H2-O2 system, the Fe/NC-NaCl electrocatalyst (Figure 4.14.A 

and Figure 4.14.B) demonstrated a high Pmax of 0.89 W cm
-2

, which was 79% of the 

value determined for the 20 wt.% Pt/C catalyst (1.12 W cm
-2

) and approximately 

twice that determined for the Fe/NC electrocatalyst (0.49 W cm
-2

). With a view 

towards practical applications, the PEMFC containing the Fe/NC-NaCl electrocatalyst 

was also tested in a H2-air system (1.0 bar), achieving a peak power density of 0.39 W 
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cm
-2

 (Figure 4.14.C). Under both the H2-O2 and H2-air testing conditions, the Pmax 

values achieved by Fe/NC-NaCl were among the highest yet reported for a PGM-free 

ORR catalyst (Table 4.9.)
[10, 65, 129]

. Finally, a durability test at a constant voltage of 

0.4 V was performed on the PEMFCs constructed using the Fe/NC-NaCl 

electrocatalyst as the cathode (Figure 4.14.D). A gradual decay in the current density 

was observed, with two abrupt current density drops occurring at 2.1 h and 5.6 h. The 

abrupt drops in current density indicated that Fe/NC-NaCl suffered from water 

flooding. The excess water in the cathode blocked the pores containing FeN4 sites and 

thus severely limited gas transport necessary for efficient ORR
[210]

. The 

water-flooding reflected the microporous nature of the carbon support in Fe/NC-NaCl. 

Results motivate further work aimed at minimizing water flooding in Fe-N-C 

catalysts. 

Table 4.9. Performance comparison of various PGM-free catalysts in H2-O2 fuel cells 

and H2-air fuel cells. 

Catalyst Pmax (W cm
-2

) 

1 bar H2-O2 

Pmax (W cm
-2

) 

1 bar H2-air 

PANI-FeCo-C[191]
 0.55 - 

CM+PANI-Fe-C[19]
 0.87 0.39 

1.5Fe-ZIF[10]
 0.67 0.36 

ZIF-NC-0.5Fe-700[65]
 0.73 0.32 

TPI@Z8(SiO2)-650-C[129]
 1.18 (2.5 bar) 0.42 

Fe SAs/N-C[153]
 0.75 0.35 

FeNx/GM[64]
 0.74 (30 psi) 0.43 

FeN4/HOPC-c-1000[134]
 0.69 0.42 

FeSA–N–C[136]
 0.68 - 

Fe-N4-C-60[67]
 0.74 - 

0.17CVD/Fe-NC-kat[151]
 0.70 0.32 

Fe/NC-NaCl (This work) 0.89 (0.005) 0.39 
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The number in the brackets is the standard deviation of data from three repeat runs 

(Figure 4.14.C). 

 

Figure 4.15. ORR performance of Fe(L)/NC and Fe/NC-NaCl-x (x = 0.33, 1, 3). (A) 

ORR LSV curves. (B) Polarization plots of the cell voltage and power density versus 

current density of PEMFCs fabricated using Fe(L)/NC and Fe/NC-NaCl-x (x = 0.33, 1, 

3). (C) Correlation between the site density (SD) of FeN4 active sites and the 

micropore surface area for Fe/NC-NaCl-x (x = 0, 0.33, 1, 3). (D) Correlation between 

the kinetic current density (Jk) at 0.83 V and the SD of active FeN4 sites for 

Fe/NC-NaCl-x (x = 0.33, 1, 3) (in black); the correlation between the peak power 

density and SD of active FeN4 sites for Fe/NC-NaCl-x (x = 0, 0.33, 1, 3) (in red). 

Previous studies have shown the porosity of Fe-N-C electrocatalysts plays an 

important role in ORR performance. Accordingly, we were interested in exploring 

correlations between ORR performance metrics and the physical properties of the 

Fe-N-C electrocatalysts. The catalysts selected for the analyses were Fe(L)/NC (i.e. x 

= 0) and Fe/NC-NaCl-x (x = 0.33, 1, 3). As shown in Figure 4.15.A and Figure 

4.15.B, the Fe/NC-NaCl-x electrocatalysts exhibited superior performance to 
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Fe(L)/NC in both RDE and PEMFC tests, with ORR performance decreasing in the 

order of Fe/NC-NaCl-1 > Fe/NC-NaCl-3 > Fe/NC-NaCl-0.33 >> Fe(L)/NC. To 

quantify the site density (SD) and turnover frequency (TOF) of FeN4 sites on the 

different Fe-N-C electrocatalysts, in-situ electrochemical nitrite poisoning 

experiments were conducted (Figure 4.16. and Table 4.10.)
[119]

. The SD of active 

FeN4 sites in the Fe(L)/NC and Fe/NC-NaCl-x (x = 0.33, 1, 3) electrocatalysts 

followed the same trend as the ORR performance. The Fe/NC-NaCl-1 electrocatalyst 

possessed the highest SD of 26.3×10
19

 sites g
-1

, which was 4.5-fold higher than that of 

Fe(L)/NC (7.6×10
19

 sites g
-1

). The utilization rates of FeN4 sites in the Fe(L)/NC and 

Fe/NC-NaCl-x (x = 0.33, 1, 3) electrocatalysts were similar, in the range of 12~14% 

(Table 4.10.). The increased SD, yet similar utilization rates of FeN4 sites, indicates 

the proportion of accessible FeN4 sites increased with Fe loading in the NaCl-assisted 

Fe-N-C materials. The TOF values for the Fe(L)/NC and Fe/NC-NaCl-x (x = 0.33, 1, 

3) electrocatalysts showed an opposite order to their SD, i.e. Fe(L)/NC (1.26 s
-1

) > 

Fe/NC-NaCl-0.33 (1.07 s
-1

) > Fe/NC-NaCl-3 (0.92 s
-1

) > Fe/NC-NaCl-1 (0.83 s
-1

). 

Results indicate that the limited number of accessible FeN4 sites in Fe(L)/NC are very 

active. For the Fe/NC-NaCl-x (x = 0.33, 1, 3) electrocatalysts, containing ~3 times 

more FeN4 sites, it would appear that many of the extra FeN4 sites may be located 

deeper in micropores instead of at pore entrances, thus making them less accessible 

for ORR. The lower average intrinsic activity of FeN4 sites in the Fe/NC-NaCl-x (x = 

0.33, 1, 3) electrocatalysts could potentially be boosted by introducing more 

meso/macropores for a faster mass/electron transport. Despite having the lowest TOF 
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value (two-thirds that of Fe/NC), the Fe/NC-NaCl-1 electrocatalyst due to its high SD 

delivered the best ORR performance. This demonstrates that the NaCl-assisted 

strategy is effective in improving the ORR performance of Fe-N-C electrocatalysts 

through achieving a high SD of FeN4 sites, albeit with a slightly decreased TOF. 

Whilst the SD and TOF for Fe/NC-NaCl-1 are not individually the highest to reported 

values, both values are very high amongst reported Fe-N-C electrocatalysts (Table 

4.10.). It should be noted that it is very challenging to simultaneously achieve both a 

high SD and TOF during ORR on a single electrocatalyst, since microporous 

electrocatalysts usually have a high SD but low TOF, whereas mesoporous 

electrocatalysts a high TOF but low SD
[119]

. Next, we examine correlations between 

the SD, pore structure and ORR performance of Fe(L)/NC and the Fe/NC-NaCl-x (x = 

0.33, 1, 3) electrocatalysts. As shown in Figure 4.15.C, the Fe/NC-NaCl-x (x = 0.33, 

1, 3) electrocatalysts possessing higher micropore surface areas were able to host 

more FeN4 active sites than Fe(L)/NC, resulting in higher kinetic current densities and 

higher Pmax under RDE and fuel cell test conditions, respectively (Figure 4.15.A and 

Figure 4.15.B). Results indicate that the NaCl-assisted strategy used here to 

synthesize the Fe/NC-NaCl-x (x = 0.33, 1, 3) electrocatalysts was effective in creating 

more surface micropores for the accommodation of active FeN4 sites, thus allowing a 

high loading of Fe single atoms (~1.3 wt.%) without Fe nanoparticle formation. 

However, the utilization rate of FeN4 sites (12~14%) in the Fe/NC-NaCl-x (x = 0.33, 1, 

3) electrocatalysts remained similar to that of Fe(L)/NC (i.e. with more than 85% of 

FeN4 sites remaining inaccessible for ORR due to their location deep in micropores). 
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Table 4.10. TOF at 0.80 V, FeN4 site densities and utilization rate of FeN4 sites for 

Fe(L)/NC, Fe/NC-NaCl-x (x = 0.33, 1, 3) and various recently reported 

electrocatalysts. 

NO2
- 

refers to the Nitrite reduction stripping method
[26]

; CO refers to CO cryo 

chemisorption measurements
[25]

. 

 

Sample  
Method TOF at  

0.80 V 

(s
-1

) 

SD of active  

FeN4 sites 

(10
19

 sites g
-1

) 

Fe 

content 

(wt.%) 

Utilization  

rate of FeN4 

(%) 

Fe(L)/NC NO2
-
 1.26 7.6 0.46 12.0 

Fe/NC-NaCl-0.33 NO2
-
 1.07 21.8 1.14 14.0 

Fe/NC-NaCl-1 NO2
-
 0.83 26.3 1.39 14.8 

Fe/NC-NaCl-3 NO2
-
 0.92 22.4 1.26 12.9 

TPI@Z8(SiO2)-650-C
[129]

 NO2
-
 1.60 64.6 2.78 11.4 

FeNC-CVD-750
[149]

 
Fe

II
/Fe

III
 

redox 

peak 

0.78 20.0 2.00 100 

Fe-N-C-3HT-2AL
[25]

 CO 1.4 9.1 6.00 16.2 

Fe-NC
[98]

 CO 0.156 9.8 4.92 - 

Sn-NC
[98]

 CO 0.155 4.8 4.78 - 

CNRS
[119]

 NO2
-
 0.65 1.44 2.50 ~9 

ICL
[119]

 NO2
-
 0.96 0.86 1.0 ~8 

PAJ
[119]

 NO2
-
 7.23 0.25 0.6 ~10 

UNM
[119]

 NO2
-
 4.45 0.63 0.8 ~9 
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Figure 4.16. Determination of the FeN4 site density (SD) for Fe(L)/NC and 

Fe/NC-NaCl-x (x = 0.33, 1, 3). (A) and (C) ORR LSV curves before, during and after 

nitrite adsorption in an O2-saturated 0.5 M acetate buffer at pH 5.2. (B) and (D) CV 

curves before and during nitrite adsorption in the nitrite reductive stripping region. 

Catalyst loading: 400 µg cm
-2
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4.4 Conclusion 

In conclusion, a simple NaCl-assisted method was developed for the synthesis of 

microporous Fe-N-C electrocatalysts rich in FeN4 active sites. The synthetic strategy 

creates Fe/NC-NaCl electrocatalysts with Fe loadings ~1.3 wt.% (in FeN4 sites) 

without undesirable Fe nanoparticle formation. Accordingly, the Fe/NC-NaCl 

electrocatalysts prepared by this route exhibited outstanding ORR performance under 

both RDE and PEMFCs test conditions. Correlations were established between the 

ORR activity and FeN4 site density, as well as between PEMFC performance and 

FeN4 site density. Results bring valuable new insights about the parameters 

influencing the ORR activity of Fe-N-C electrocatalysts, along with a new approach 

for the preparation of microporous N-doped carbons with high metal single atom site 

densities. Findings of this study will inspire future research aimed at the development 

of high performance single atom catalysts for the oxygen evolution reaction, hydrogen 

evolution reaction, electrochemical carbon dioxide reduction reaction, nitrogen 

fixation reaction and other applications.
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CHAPTER 5 

Fe-N-C Electrocatalyst with Outstanding Activity for Zinc-air 

Batteries 

5.1 Introduction 

Metal-air batteries (MAB, M = Li, Na, K, Mg, Al, Zn and Fe) represent a 

next-generation energy conversion technology, harnessing redox reactions between 

metal anodes and the cathode-reduced oxygen supplied from air
[211, 212]

. Among 

MABs, Zn-air batteries have attracted a lot of attention due to their high theoretical 

energy density (1086 Wh kg
-1

), suitable cell voltage (1.65 V), safety, low cost and 

earth-abundance of zinc as the anode material. Whilst other alkali metal-air batteries 

(e.g. Li, Na and K) afford a higher energy density (e.g. 3458 Wh kg
-1

 for Li-air 

battery), safety issues arising from the high reactivity of the anode metals with water 

and O2 presently limit their widespread application. Mg-air and Al-air batteries have 

energy densities similar to a Li-air battery, though with rapid self-discharge via the 

hydrogen evolution reaction due to their low reduction potentials (i.e. -2.372 V for 

Mg and -1.662 V for Al)
[211, 213, 214, 215]

. Since their commercialization in 1980s, 

primary Zn-air batteries have found widespread use in light-portable devices, such as 

hearing aids and navigation lights
[216]

. However, their practical energy densities are 

limited
[161]

. To achieve ZABs with a high energy density, low cost and efficient 
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electrocatalysts need to be discovered for the kinetically sluggish oxygen reduction 

reaction (ORR) at the cathode. 

Fe-N-C electrocatalysts, comprising nitrogen-coordinated single iron atom sites 

(FeN4 sites) on N-doped carbon supports, have emerged as very promising low cost 

ORR electrocatalysts, with performance approaching that of state-of-art Pt/C
[19, 65, 129]

. 

The site density and intrinsic activity of accessible FeN4 sites are the two key factors 

governing its ORR performance. In response to the enrichment of accessible FeN4 site 

density, we have developed a two-step molten-NaCl-assisted synthetic strategy for the 

synthesis of Fe-N-C materials with densely FeN4 sites for high-performance ORR in 

acidic media (Fe/NC-NaCl, Chapter 4). However, the ORR performance of 

Fe/NC-NaCl in alkaline solution as well as its application in zinc-air battery hasn’t 

been explored. In this chapter, we explored a one-step NaCl-assisted strategy for 

Fe-N-C materials in alkaline solution. The resulted Fe-ZIF+NaCl electrocatalyst 

exhibited outstanding ORR performance with a high half-wave potential of 0.90 V (vs. 

reversible hydrogen electrode) in 0.1 M KOH. Further, a primary zinc-air battery 

driven by the Fe-ZIF+NaCl electrocatalyst delivered a high peak power density of 

225 W cm
-2

. 
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5.2 Experimental 

5.2.1 Materials 

Zinc nitrate hexahydrate (≥ 99 %) and 2-methylimidazole (≥ 98 %) were purchased 

from Sigma-Aldrich. Ferric acetylacetonate (≥ 99 %) and sodium chloride (≥ 99.5 %) 

were purchased from Beijing Chemical Works. All other chemicals and solvents used 

were of reagent grade and used without further purification. Deionized water was 

used throughout this study. 

5.2.2 Syntheses 

5.2.2.1 Synthesis of Fe-containing ZIF 

52.0 g of 2-methylimidazole and 7.0 g of ferric acetylacetonate were added into 640 

mL of methanol under continuous stirring. After the solids had fully dissolved, a 

solution containing 25.0 g of Zn(NO3)2·6H2O in 320 mL of methanol was added. 

After stirring at room temperature for 6 h, the Fe-containing ZIF product was 

collected by centrifugation, washed with methanol three times, then dried in an oven 

at 60 ºC overnight. 

5.2.2.2 Synthesis of Fe-ZIF-NaCl and Fe-ZIF 

1.0 g of Fe-containing ZIF powder and 1.0 g of NaCl were physically ground with a 

mortar and pestle at room temperature for 10 min. The homogeneous powder mixture 

was then pyrolyzed at 1000 ºC under flowing N2 for 2 h. The solid product was then 

washed repeatedly with deionized water washing to remove the NaCl, then washed 

once with methanol, after which it was finally dried in an oven at 60 ºC overnight. 

The final product is denoted herein as Fe-ZIF-NaCl. 
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For comparison, a Fe-ZIF reference material was prepared by a similar procedure, but 

without the addition of NaCl. 

5.2.3 Characterization 

Powder XRD patterns were collected over the 2 range 10-60º on a Bruker D8 Focus 

X-ray diffractometer equipped with a Cu Kα radiation source (λ = 1.5405 Å). Raman 

spectra were acquired on a Renishaw inVia Reflex spectrometer system, using a 532 

nm laser excitation source. The acquisition time of a scan was 60 s, with 3 scans being 

combined to produce a spectrum. N2 adsorption-desorption isotherms were obtained 

at 77 K on a Quadrasorb SI MP apparatus. Specific surface areas were calculated from 

the adsorption data using the Brunauer-Emmett-Teller method. Pore size distributions 

were calculated using the quenched solid density functional theory (QSDFT) method 

for micropores (d < 2 nm) and small-sized mesopores (2 nm < d < 10 nm). The 

Barrett-Joyner-Halenda (BJH) method was used to probe the larger mesopores (10 nm 

< d < 120 nm). High resolution transmission electron microscopy (HRTEM) images 

were captured on a 2100F with high voltage of 200 kV. High-angle annular dark filed 

scanning TEM (HAADF-STEM) images, aberration-corrected HADDF-STEM 

images and energy-dispersive X-ray spectroscopy (EDX) images were acquired on a 

JEM-ARM300F S/STEM (JEOL) equipped with operating voltage at 300 kV. 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES) was used to 

quantify the amount of Zn and Fe in the samples. The samples (20 mg) were first 

carbonized in air at 600 ºC for 6 h to remove the light elements (i.e. C, N), then the 

metal solid residues dissolved in aqua regia (HNO3·3HCl) at 60 ºC. Finally, the 
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solutions were diluted to the required ppm range for the ICP-OES measurements 

(Varian 710). Elemental analyses were conducted on a Vario MACRO cube. 

Fe K-edge XAFS data were collected on the X-ray Absorption Spectroscopy beamline 

at the Australian Synchrotron (200 mA, 3.0 GeV). Due to the low iron concentration 

(< 1 wt.%) in the Fe-N-C samples, the data were collected in fluorescence mode. The 

samples were prepared for XAFS measurements by homogeneously mixing the 

Fe-N-C samples with cellulose to obtain an iron concentration of around 1000 ppm. 

Next, the powders were transferred into standard XAFS sample holders, and finally 

enclosed with Kapton tape. A Si(111) single crystal was used to monochromatize the 

X-ray beam. Before the XAFS measurements, the Fe-N-C samples were tested for 

beam damage, with the samples showing good stability under synchrotron radiation. 

The Fe K-edge energy scale for the Fe-N-C samples was calibrated using data for a Fe 

foil collected at simultaneously with the sample data. The raw XAFS data were 

processed via background-subtraction, normalization and Fourier transformation, 

using the standard procedures within the Athena module of the IFEFFIT software 

package. EXAFS fitting was performed by the Artemis module, following the EXAFS 

equation below: 

χ(𝑘) = ∑
𝑁𝑗𝑆0

2𝐹𝑗(𝑘)

𝑘𝑅𝑗
2

𝑗
exp[−2𝑘2𝜎𝑗

2]exp [
−2𝑅𝑗

𝜆(𝑘)
]sin [2𝑘𝑅𝑗 + ∅𝑗(𝑘)] 

where S0
2
 is the amplitude reduction factor, Fj(k) is the effective curved-wave 

backscattering amplitude, Nj is the number of neighbors in the jth atomic shell, Rj is 

the distance between the X-ray absorbing central atom and the atoms in the jth atomic 

shell, λ is the mean free path in Å, ϕj(k) is the phase shift, σj
2
 is the Debye-Waller 
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parameter of the jth atomic shell (variation of distances around the average Rj). 

Fe L-edge, N K-edge and C K-edge XANES spectra were collected on the soft X-ray 

beamline at the Australian Synchrotron in the total electron yield (TEY) mode. A gold 

mesh in the beamline was used as a standard for calibration of the photon energy scale, 

as well as to eliminate possibly spectral artifacts caused by fluctuations in the beam 

intensity whilst scanning. Sample powders were sprinkled on the surface of 

conductive carbon tape for the analyses. 

5.2.4 Electrochemical measurements 

All the electrochemical tests were performed on a CHI 7001 electrochemical station, 

equipped with a three-electrode cell containing 100 mL of 0.1 M KOH solution. A 

saturated Hg/HgO electrode, a Pt plate and a glassy carbon disk electrode (a disk 

outer diameter of 5.61 mm) were used as the reference electrode, the counter 

electrode, and the working electrode, respectively. Catalyst inks were prepared by 

ultrasonically dispersing 5.0 mg of catalyst into a 1.0 mL solution containing 30 μL of 

Nafion (5 wt.%), 600 μL of ethanol and 370 μL of H2O. Next, 24 μL of catalyst ink 

was drop-cast onto the surface of the glassy carbon electrode, and the resulting 

modified electrode then air-dried to give a catalyst loading of 600 μg cm
-2

. A 

commercial Pt/C (20 wt.%) catalyst with a loading of 50 μg Pt cm
–2

 was used for 

comparison
[39, 97, 129]

. Prior to the electrochemical tests, pure O2 gas (99.99%) or N2 

gas (99.99%) was purged for 30 min through the electrolyte to achieve an 

O2-saturated or N2-saturated 0.1 M KOH electrolyte. Linear sweep voltammetry (LSV) 

curves were collected in an O2-saturated 0.1 M KOH electrolyte over the potential 
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range of 1.2 to 0 V (vs. reversible hydrogen electrode (RHE)), using a rotation speed 

of 1600 rpm and a scan rate of 10 mV s
–1

. To collect the capacitive background of the 

carbon support, LSV curves at the same scan rate were also collected in a 

N2-saturated 0.1 M KOH electrolyte. The final oxygen reduction currents were 

obtained from the mathematic differential values between the LSV curves measured 

in the O2-saturated and N2-saturated electrolytes. 

For the selectivity test, a rotating ring disk electrode (RRDE) was used to measure the 

electron transfer number (n) and the peroxide yield (H2O2%). The RRDE is composed 

of an inner glassy carbon disk (0.2472 cm
2
) for the ORR of electrocatalysts, and an 

outer Pt ring for the oxidation of any H2O2 generated during ORR (6.25 mm of ring 

inner, 7.92 mm of outer diameter, and 320 μm ring-disk gap). RRDE measurements 

were conducted by linear sweep voltammetry (LSV) from 1.2 V to 0 V vs. RHE using 

a scan rate of 10 mV s
–1

 at 1600 rpm, whilst the ring electrode was held at 1.3 V vs. 

RHE. The electron transfer number (n) and the peroxide yields (H2O2%) were 

calculated from the ring current (Ir) and the disk current (Id) using the equation: 

𝑛 =
4𝐼𝐷

I𝐷 + (𝐼𝑅/𝑁)
 

% 𝐻2𝑂2 = 100
2𝐼𝑅/𝑁

𝐼𝐷 + (𝐼𝑅/𝑁)
 

Where ID is the Faradaic current at the disk, IR is the Faradaic current at the ring, and 

N is the H2O2 collection coefficient at the ring. The H2O2 collection coefficient at the 

ring in our system was 0.37. 

Catalyst stability was tested by chronoamperometry at 0.5 V vs. RHE for 10,000 s in 

an O2-saturated 0.1 M KOH electrolyte. 
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5.2.5 Zinc-air battery tests 

A custom-built zinc-air battery was constructed with a polished zinc plate (99.99%, 

0.1 mm in thickness) and a carbon paper (HCP120, 0.21 mm) as the anode and 

cathode, respectively. A 6 M KOH solution was used as the electrolyte. The cathode 

was prepared by dropping the catalyst inks described above onto the center area of the 

carbon paper (1 cm in diameter) to achieve a catalyst loading of 1 mg cm
-2

. 
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5.3 Results and discussion 

 

Figure 5.1. XRD pattern for the Fe-containing ZIF precursor. 

For the synthesis of Fe-ZIF+NaCl, a zeolite imidazolate framework (ZIF) precursor 

was used as it was rich in nitrogen and carbon, thus ensuring a high dispersion of Fe 

sites in the pyrolysis product. During the synthesis of the Fe-containing ZIF precursor 

(Figure 5.1.), Fe(acac)3 molecules were adsorbed in the micropores of the ZIF-8 

crystals. The as-obtained Fe-containing ZIF powder was then physically mixed with 

NaCl (typically in a ZIF:NaCl weight ratio of 1:1), followed by a carbonization at 

1000 ºC under flowing N2 for 2 h. The solid product was then washed with water to 

remove the NaCl, then methanol, yielding Fe-ZIF+NaCl. For comparison, a Fe-ZIF 

reference material was prepared by the direct pyrolysis of the Fe-containing ZIF 

precursor (without NaCl) under identical pyrolysis conditions. 
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Figure 5.2. Morphology of Fe-ZIF+NaCl and Fe-ZIF. (A, B) TEM images, (C, D) 

STEM images, (E, F) TEM images, and (G, H) HAADF-STEM images for 

Fe-ZIF+NaCl and Fe-ZIF, respectively. Scale bar: (A, B) 100 nm; (C, D) 200 nm; (E, 

F) 50 nm; (G, H) 5 nm. 

 

Figure 5.3. (A) XRD patterns and (B) Raman spectra for Fe-ZIF+NaCl and Fe-ZIF. 
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Figure 5.4. EDX-mapping images for (A) Fe-ZIF+NaCl and (B) Fe-ZIF. Scale bar: 

200 nm. 

Table 5.1. Elemental analysis results for Fe-ZIF+NaCl and Fe-ZIF. 

Sample C (wt.%) N (wt.%) H (wt.%) Fe (wt.%) Zn (wt.%) 

Fe-ZIF+NaCl 90.48 5.65 2.13 0.63 1.10 

Fe-ZIF 92.14 5.53 1.30 0.74 0.29 

Transmission electron microscopy (TEM) (Figure 5.2.A and Figure 5.2.B) showed 

that Fe-ZIF+NaCl and Fe-ZIF possessed a similar morphology, comprising 

dodecahedral N-doped carbon frameworks with an average particle size of ~600 nm. 

The dodecahedral morphology originated from the Fe-containing ZIF precursor. 

However, for Fe-ZIF the dodecahedra had sharp and well-defined edges, whereas for 

Fe-ZIF+NaCl the edges were less defined and the surface of the dodecahedra more 

disordered. No Fe nanoparticles or clusters were observed in the TEM images of 

either sample (Figure 5.2.A-F). This was consistent with their being no Fe metal 

peaks in the XRD patterns of the two samples (Figure 5.3.A). The XRD patterns 

displayed two peaks corresponding to the (002) and (101) planes of graphitic carbon. 

Raman spectroscopy (Figure 5.3.B) showed that Fe-ZIF+NaCl possessed a very 

similar graphitization degree compared to Fe-ZIF, as seen in the intensity ratio of the 

D band (defects) to G band (graphitic). The ID/IG ratios were 0.92 and 0.95, 

respectively. Aberration-corrected HAADF-STEM images (Figure 5.2.G and Figure 

5.2.H) showed bright single dots for both Fe-ZIF+NaCl and Fe-ZIF, indicating the 

presence of isolated Fe sites in both materials. Energy-dispersive X-ray (EDX) 

mapping (Figure 5.4.) indicated a homogeneous dispersion of Fe and N atoms over 
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the carbon framework in Fe-ZIF+NaCl and Fe-ZIF. The Fe contents in Fe-ZIF+NaCl 

and Fe-ZIF were very similar, i.e. 0.63 wt.% and 0.74 wt.%, respectively, as 

determined by the inductively coupled plasma optical emission spectrometry 

(ICP-OES) (Table 5.1.). The porosity of the two materials was probed by N2 

adsorption-desorption measurements. The analyses revealed that Fe-ZIF+NaCl 

(Figure 5.5. and Table 5.2.) possessed a much high specific surface area (1345 m
2
 g

-1
) 

than Fe-ZIF (920 m
2
 g

-1
). The increased surface area of Fe-ZIF+NaCl can be 

attributed to the pore-retaining function of molten NaCl during high-temperature 

pyrolysis step used in the synthesis of Fe-ZIF+NaCl
[138]

. Further, Fe-ZIF+NaCl 

contained discrete mesopores with a mean diameter around 3.9 Å, which were not 

present in Fe-ZIF. Accordingly, Fe-ZIF+NaCl possessed a much larger cumulative 

pore volume than Fe-ZIF. N-doped carbon porosity is known to strongly influence the 

performance of Fe-N-C electrocatalysts for ORR. 

 

Figure 5.5. (A) N2 sorption isotherms and (B) pore size distributions of Fe-ZIF+NaCl 

and Fe-ZIF. 
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Table 5.2. BET surface areas, micropore surface areas and external surface areas for 

Fe-ZIF+NaCl and Fe-ZIF. 

Sample 
BET surface 

area (m
2
 g

-1
) 

Pore volume 

(cc g
-1

) 

Micropore surface 

area (m
2
 g

-1
) 

External surface 

area (m
2
 g

-1
) 

Fe-ZIF-NaCl 1345 0.72 1166 179 

Fe-ZIF 920 0.48 784 136 

 

Figure 5.6. Electronic structure of the Fe sites in Fe-ZIF+NaCl and Fe-ZIF. (A) Fe 

K-edge XANES spectra, (B) Fe K-edge XAFS spectra, (C) Fe L-edge XANES spectra, 

(D) N K-edge spectra and (E) N 1s XPS spectra for Fe-ZIF+NaCl and Fe-ZIF. (F) Fe 

K-edge XANES spectra for Fe-ZIF+NaCl collected in air and in 0.1 M KOH solution. 

Table 5.3. N 1s XPS peak fitting results for Fe-ZIF+NaCl and Fe-ZIF. 

Sample 
Pyridinic N 

(398.5 eV) 

Pyrrolic N 

(400.0 eV) 

Graphitic N 

(401.2 eV) 

Fe-ZIF+NaCl 0.35 0.15 0.50 

Fe-ZIF 0.47 0.19 0.35 

The electronic structure of Fe single atom sites in Fe-ZIF+NaCl and Fe-ZIF was 

investigated by Fe K-edge and Fe L-edge X-ray absorption spectroscopy (XAS). 

Figure 5.6.A and Figure 5.6.B shows Fe K-edge XANES spectra and Fe K-edge 

XAFS spectra for Fe-ZIF+NaCl and Fe-ZIF, as well as a metallic Fe foil and FePc. 
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The inset in Figure 5.6.A shows the absorption edges for Fe-ZIF+NaCl, Fe-ZIF and 

references FeO, Fe3O4 and Fe2O3. Peaks at 708.3 and 709.7 eV in the Fe L3-edge 

spectra of Fe-ZIF+NaCl and Fe-ZIF (Figure 5.6.C) indicate the coexistence of Fe
2+

 

and Fe
3+

 species
[203]

. N K-edge XANES results (Figure 5.6.D) revealed that there 

were three types of N species (i.e. pyridinic N, pyrrolic N and graphitic N) in 

Fe-ZIF+NaCl and Fe-ZIF, giving rise to peaks at 398.5 eV, 399.7 eV and 401.2 eV, 

respectively
[202]

. Compared to Fe-ZIF, the N K-edge spectrum for Fe-ZIF+NaCl had 

an intensified peak of graphitic N, whilst the pyridinic N was dominant in Fe-ZIF. The 

N 1s XPS results (Figure 5.6.E and Table 5.3.) implied that graphitic N was 

dominant in Fe-ZIF+NaCl (50% of total nitrogen), whereas pyridinic N (47% of total 

nitrogen) was dominant in Fe-ZIF. Considering Fe K-edge XAS spectra are usually 

measured in an air atmosphere, there is potential for Fe site oxidation. Accordingly, Fe 

K-edge XANES spectra for Fe-ZIF+NaCl were collected in an O2-saturated 0.1 M 

KOH solution, thus closely approximating the conditions used in the oxygen 

reduction reaction test conditions. As shown in Figure 5.6.F, the Fe K-edge XANES 

spectra for Fe-ZIF+NaCl collected in air and in O2-saturated 0.1 M KOH solution 

were identical, indicating that the Fe sites with a low Fe oxidation state in 

Fe-ZIF+NaCl were stable for ORR tests (open circuit). 
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Figure 5.7. The local coordination environment of the central Fe sites in 

Fe-ZIF+NaCl and Fe-ZIF. (A) k
2
-weighted wavelet-transformed Fe K-edge EXAFS 

spectra for Fe-ZIF+NaCl, Fe-ZIF and reference FePc. (B) Fourier-transformed Fe 

K-edge EXAFS spectra plotted at R space, and (C) EXAFS spectra for Fe-ZIF+NaCl, 

Fe-ZIF and reference FePc. EXAFS fitting results for (D) Fe-ZIF+NaCl and (E) 

Fe-ZIF; corresponding k space spectra for (F) Fe-ZIF+NaCl and (G) Fe-ZIF. 
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Table 5.4. Fe K-edge EXAFS fitting results for Fe-ZIF+NaCl, Fe-ZIF and Fe foil. 

Sample Path N R (Å) σ
2
 (×10

-3
 

Å
2
) 

ΔE0 (eV) R, % 

Fe foil
[a]

 Fe-Fe1 8 2.46±0.01 5±2 5.3±2.2 0.67 

Fe-Fe2 6 2.84±0.01 5±2 

Fe-ZIF
[b]

 Fe-N 3.92±0.40 1.94±0.01 4±2 1.8±1.3 0.56 

Fe-O 1.76±0.18 2.06±0.03 2±1 

Fe-C 2.78±1.09 2.99±0.03 6±3 

Fe-N 3.61±1.09 3.40±0.03 4±2 

Fe-ZIF+NaCl
[c]

 Fe-N 3.86±0.65 1.96±0.02 4±3 4.0±2.3 2.52 

Fe-O 1.74±0.29 2.08±0.04 1±1 

Fe-C 2.75±2.11 3.06±0.05 3±2 

Fe-N 3.30±2.47 3.40±0.05 4±3 

[a]: k range: 2.3-11.1 (Å
-1

); R range: 1-2.9 Å; [b]: k range: 2.6-11 (Å
-1

); R range: 1-3 Å; 

[c]: k range: 2.6-11 (Å
-1

); R range: 1-3 Å; S0
2
 = 0.69, S0

2
 was determined from Fe foil. 

The bold numbers were set as fixed coordination numbers. 

The local coordination environment of Fe sites was further explored by extended 

X-ray absorption fine structure (EXAFS). The presence of atomically isolated Fe sites 

in both Fe-ZIF+NaCl and Fe-ZIF was confirmed by the wavelet-transformed EXAFS 

results (Figure 5.7.A), in which Fe-ZIF+NaCl and Fe-ZIF displayed a contour 

intensity maximum of k at 3.7 Å
-1

, close to Fe(II) phthalocyanine (FePc, 5.0 Å
-1

). 

Fourier-transformed EXAFS (FT-EXAFS) spectra (Figure 5.7.B) implied that both 

Fe-ZIF+NaCl and Fe-ZIF showed one dominant peak over the R range from 1-2 Å, 

which was close to the first shell Fe-N scattering path of FePc at 1.46 Å. EXAFS 

fitting of the R space spectra was conducted to resolve the first-shell and second-shell 

coordination number and bond distances in Fe-ZIF+NaCl and Fe-ZIF. Good fits were 
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obtained (Figure 5.7.D-G, and Table 5.4.), showing that both Fe-ZIF+NaCl and 

Fe-ZIF possessed a FeN4O2 configuration comprising of four Fe-N bonds and two 

axial oxygen atoms. 

 

Figure 5.8. ORR performance of Fe-ZIF+NaCl and Fe-ZIF. (A) ORR LSV curves. (B) 

Jk at 0.85 V and E1/2. (C) Tafel slope. (D) Electron transfer number and H2O2 yield 

plots for Fe-ZIF+NaCl, Fe-ZIF and Pt/C electrocatalysts. 
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Table 5.5. Performance comparison of various PGM-free ORR catalysts in 0.1 M 

KOH electrolyte. 

Catalyst 
E1/2 

(V) 

Jk@0.85 V 

(mA cm
-2

) 
  

Fe-ZIF+NaCl 0.90 26.99 This work 

Fe-ZIF 0.83 3.34 This work 

FeCl1N4/CNS 0.921 41.11 Energy Environ. Sci. 2018, 11, 2348
[76]

. 

NCo@CNT-NF700 0.87 - J. Am. Chem. Soc. 2018, 140, 15393
[217]

. 

SCoNC 0.91 - Adv. Energy Mater. 2019, 9, 1900149
[146]

. 

Fe-SAs/NSC 0.87 35.9@0.80 V J. Am. Chem. Soc. 2019, 141, 20118
[75]

. 

FeSA-N-C 0.90 37.19 Nat. Comm. 2020, 11, 2831
[136]

. 

-MoC/NHPC 0.88 33.8@0.80 V Energy Environ. Sci. 2020, 13, 2849
[218]

. 

Fe/N-CNRs 0.90 - Adv. Funct. Mater. 2020, 2008085
[219]

. 

Fe-NC-S 0.88 - Chem. 2020, 6, 3440
[23]

. 

S-Cu-ISA/SNC 0.918 35 Nat. Comm. 2020, 11, 3049
[220]

. 

Fe-N/P-C-700 0.867 - J. Am. Chem. Soc. 2020, 142, 2404
[74]

. 

The ORR performance of Fe-ZIF+NaCl, Fe-ZIF and commercial Pt/C (20 wt.%) 

was investigated in an O2-saturated 0.1 M KOH electrolyte. All potentials were 

referenced to the reversible hydrogen electrode (RHE). As shown in Figure 5.8.A, 

Fe-ZIF+NaCl delivered a half-wave potential (E1/2) of 0.90 V, exceeding that of 

commercial Pt/C (E1/2 = 0.84 V) and Fe-ZIF (E1/2 = 0.83 V). Notably, the high E1/2 of 

Fe-ZIF+NaCl makes it one of the most active non-precious ORR electrocatalysts in 

alkaline media (Table 5.5.)
[76, 136, 220]

. The ORR kinetics of the catalysts were 

evaluated from the kinetic current density (Jk) (Figure 5.8.B) and tafel slope (Figure 

5.8.C). The Fe-ZIF+NaCl catalyst reached a Jk of 26.99 mA cm
-2 

at 0.85 V, an 

increase by factors of 8.1 and 6.4 relative to Fe-ZIF (3.34 mA cm
-2

) and Pt/C (4.22 

mA cm
-2

), respectively. The Tafel slope of Fe-ZIF+NaCl was determined to be 57.3 
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mV dec
-1

, considerably lower than that of Fe-ZIF (70.0 mV dec
-1

). The high Jk and 

low Tafel slope both indicated an accelerated intrinsic ORR activity of Fe-ZIF+NaCl. 

Rotating ring-disk electrode (RRDE) measurements were used to probe the ORR 

pathways over Fe-ZIF+NaCl and Fe-ZIF. At a potential of 0.85 V versus RHE, the 

electron transfer numbers for Fe-ZIF+NaCl and Fe-ZIF were both 3.99. The H2O2 

yield of Fe-ZIF+NaCl (Figure 5.8.D) was significantly suppressed (below 10%) in 

the potential range from 0.2 to 0.9 V compared to Fe-ZIF. 

 

Figure 5.9. Performance of primary zinc-air batteries driven by the Fe-ZIF+NaCl 

electrocatalyst. (A) Open circuit voltages (OCV) for three zinc-air batteries in series, 

and demonstration of a smart phone (Huawei) charged by three zinc-air batteries. (B) 

Discharge polarization curves and corresponding power density versus current density. 

(C) Long-time galvanostatic discharge curves. (D) Discharge curves at the current 

densities of 10 mA cm
-2

 for the zinc-air batteries using Fe-ZIF+NaCl as the air 

electrode electrocatalyst. 

Encouraged by the excellent ORR activity of Fe-ZIF+NaCl in 0.1 M KOH 
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using Fe-ZIF+NaCl as the air electrode electrocatalyst (Figure 5.9.A). In practical 

applications, three zinc-air batteries connected in series with an open circulate voltage 

of 5.47 V can charge a Huawei smart phone (Figure 5.9.A). The peak power density 

(Pm) and specific capacity are the two critical metrics used to evaluate the discharge 

performance of zinc-air batteries. The peak power density of Fe-ZIF+NaCl (Figure 

5.9.B) was 225 mW cm
-2

, superior to commercial Pt/C (180 mW cm
-2

), and at the 

upper performance limit of the most active M-N-C materials reported to date (Table 

5.6.)
[218, 219, 220]

. The specific capacity of the zinc-air battery containing Fe-ZIF+NaCl 

at a current density of 10 mA cm
-2

 (Figure 5.9.C) was 803 mAh gZn
-1

, corresponding 

to ~1035 Wh k gZn
-1

, reaching 95% of the theoretical specific capacity (1086 Wh 

kgZn
-1

). In a 240 h-durability test (Figure 5.9.D), the zinc-air battery fabricated using 

Fe-ZIF+NaCl electrocatalyst had no noticeable voltage decay at a current density of 

10 mA cm
-2

. 
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Table 5.6. Performance comparison of various PGM-free catalysts in a primary 

zinc-air battery. 

Catalyst Peak power 

density 

(mW cm
-2

) 

Reference 

Fe-ZIF+NaCl 225 This work 

NLPC 102 Adv. Funct. Mater. 2018, 28, 1705356
[138]

. 

NCo@CNT-NF700 220 J. Am. Chem. Soc. 2018, 140, 15393
[217]

. 

SCoNC 194 Adv. Energy Mater. 2019, 9, 1900149
[146]

. 

Mn/Fe-HIB-MOF 195 Energy Environ. Sci. 2019, 12, 727
[221]

. 

MnO/Co/PGC 172 Adv. Mater. 2019, 31, 1902339
[222]

. 

Fe/N-CNRs 181.8 Adv. Funct. Mater. 2020, 2008085
[219]

. 

S-Cu-ISA/SNC 225 Nat. Comm. 2020, 11, 3049
[220]

. 

Fe-N/P-C-700 133.2 J. Am. Chem. Soc. 2020, 142, 2404
[74]

. 

-MoC/NHPC 200.3 Energy Environ. Sci. 2020, 13, 2849
[218]

. 

Honeycomb-600 109.6 iScience 2020, 23, 101404
[223]

. 
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5.4 Conclusion 

In conclusion, the Fe-ZIF+NaCl electrocatalyst exhibited outstanding ORR 

performance in a 0.1 M KOH electrolyte when used as a cathode catalyst in primary 

zinc-air battery tests.
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CHAPTER 6 

Summary of Findings and Future Perspective 

This PhD thesis research was aimed primarily at developing high-performance 

Fe-N-C electrocatalysts for ORR, with special emphasis placed on exploring the 

influence of the site density (SD) of FeNx sites, intrinsic activity of FeNx sites (TOF), 

and structure of the FeNx sites on ORR activity. Considering these important 

descriptors, this thesis research employed a key strategy, by introducing more surface 

micropores in the N-doped carbon support to improve the site density of accessible 

FeNx sites. The various Fe-N-C materials synthesized in this work were 

systematically characterized using a suite of methods (with Fe K-edge EXAFS and 

STEM-HAADF used to pinpoint the presence Fe single atom sites) and ORR 

electrocatalysis tests in 0.1 M KOH or 0.1 M HClO4 solutions. Further, the 

performance of the Fe-N-C materials as cathode electrocatalysts in PEMFCs or 

zinc-air batteries were explored, with a view towards practical applications. Main 

findings from this PhD research project are summarized below. 

In Chapter 3, the temperature-dependent evolution of ZnN4 sites during the 

pyrolysis-induced transformation of zeolitic imidazolate framework 8 (ZIF-8) to 

N-doped carbons was investigated. The Zn centers in ZIF-8 are tetrahedrally 

coordinated with four nitrogen atoms from 2-methylimidazole linkers. After pyrolysis 

at 600-900 
o
C, the Zn sites in all Zn-N-C-T (T = 600-900) samples were in the form of 
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porphyrin-like ZnN4 sites, as evidenced by Zn L-edge and Zn K-edge XAS results. 

The central Zn atom was out of the N4 plane in Zn-N-C-600, progressively moving 

closer to the N4 coordination plane as the pyrolysis temperatures increased to 900 ºC. 

Due to the presence of porphyrin-like ZnN4 sites, the Zn-N-C-T (T = 600-900 ºC) 

samples all displayed peroxidase-like activity in the decomposition of H2O2 into 

hydroxyl radicals (·OH), with activities following the order: Zn-N-C-800 > 

Zn-N-C-900 >> Zn-N-C-750 >> Zn-N-C-700 > Zn-N-C-600. We identified the 

catalyst surface area and the intrinsic activity of ZnN4 sites as the two determining 

factors controlling the peroxidase-like activities in these samples. Consistent with 

previous literature, a high surface area is beneficial for boosting peroxidase-like 

activities. The net activity of ZnN4 sites was calculated by dividing the overall activity 

against the surface area and Zn content. Zn-N-C-800 offered the best net activity of 

ZnN4 sites and the best overall peroxidase-like activity. We attribute this to the ZnN4 

sites in Zn-N-C-800 possessing the optimal electron density for H2O2 adsorption and 

decomposition of H2O2, arising from the Zn single atoms being close to the N4 plane. 

In addition to their direct use as catalysts, Zn-N-C materials serve as promising 

scaffolds or sacrificial templates for the preparation of M-N-C materials decorated 

with metal single atom sites (M can be a first, second or third row transition metal). 

During the pyrolysis processes commonly used to prepare M-N-C catalysts, the Zn 

centers are typically volatilized as the pyrolysis temperature is increased to above the 

boiling point of Zn (907 ºC), thus leaving N-doped carbon supports with 

porphyrin-like N4 sites available for the trapping other metals in single atom sites. 
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In Chapter 4, we used eaxactly this approach to prepare a series of microporous 

Fe-N-C materials with an abundance of accessible FeN4 sites (Fe/NC-NaCl). By 

including NaCl in the initial ZIF-8 pyrolysis stage, very high surface area 

microporous N-doped carbons were obtained that enabled the subsequent synthesis of 

the Fe/NC-NaCl electrocatalyst rich in FeN4 sites. Under both RDE and fuel cell tests, 

Fe/NC-NaCl displayed excellent ORR performance. Correlations were established 

between the micropore surface area and the site density of active FeN4 sites, as well as 

between the site density of active FeN4 sites and ORR performance. The high 

micropore surface area of Fe/NC-NaCl meant that it could host more FeN4 active sites 

than Fe-N-C electrocatalysts prepared without the molten NaCl approach, resulting in 

higher kinetic current densities and higher Pmax under RDE and fuel cell test 

conditions, respectively. Results indicate that the molten NaCl-assisted strategy 

introduced here to synthesize the Fe-N-C electrocatalysts was effective in creating 

more surface micropores for the accommodation of active FeN4 sites (26.3×10
19

 sites 

g
-1

), thus boosting ORR performance. 

Surprisingly, the utilization rate of FeN4 sites in the Fe-N-C electrocatalysts 

synthesized by the NaCl-assisted and non-NaCl-assisted strategies were similar 

(12~14%), implying that more than 85% of FeN4 sites remaining inaccessible for 

ORR due to their location deep in micropores. Also, the TOF values of the 

NaCl-assisted Fe-N-C electrocatalysts were slightly decreased, suggesting that the 

extra FeN4 sites in Fe/NC-NaCl were likely located deeper in micropores instead of at 

pore entrances, thus making them less accessible for ORR. During fuel cell durability 
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tests, the micropore-rich Fe-N-C materials developed in this work via the 

NaCl-assisted approach suffered from water flooding. These results motivate further 

work aimed at introducing more meso/macropores in Fe-N-C catalysts, thus enabling 

a higher TOF and faster mass/electron transport for ORR. 

In Chapter 5, we simplified the two-step synthetic approach to one-step pyrolysis, 

using a mixture of a Fe-containing ZIF precursor and NaCl to prepare Fe-N-C 

materials (Fe-ZIF-NaCl). Due to the optimal pore structure created by the molten 

NaCl, the Fe-ZIF-NaCl product exhibited high ORR performance in alkaline media 

and in a primary zinc-air battery. 

To date, a diverse range of M-N-C electrocatalysts have recently been reported that 

demonstrate exceptional ORR activities, exceeding that of commercial Pt/C in 

alkaline electrolytes, and approaching that of Pt/C in acid electrolytes. However, there 

remains a performance gap between M-N-C electrocatlaysts and PGM electrocatalysts 

in practical fuel cell applications, with the DOE 2025 Target for PGM-free 

electrocatalysts still proving challenging to achieve. 

The main obstacles for large-scale implementation of M-N-C materials in PEMFCs 

are the insufficient MNx site density (e.g. <3 wt.%) as well as the low MN4 utilization 

(e.g. <50%). In addition, there is a great performance gap between RDE tests and fuel 

cell tests. The more challenging ORR processes in fuel cell tests motivates further 

work to develop high-performance M-N-C materials with optimal carbon structures, 

for more efficient three-phase transport and heat/water management under real fuel 

cell conditions. Also, the high-potential working conditions (at startup/shutdown) in 
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fuel cells require the carbon support with high graphitization to resist carbon 

corrosion, and thereby demetallation.
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