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Abstract 

In the past decade, platinum-group-metal (PGM) free catalysts for oxygen reduction 

reaction are attracted extensive attention due to the high cost of PGM catalysts of proton 

exchange membrane fuel cells (PEMFCs). In particular, PGM free catalysts derived from 

metal-organic frameworks (MOFs) have been studied extensively due to their rich micropores, 

high surface areas, and highly ordered structures. Among all kinds of PGM free MOF catalysts , 

iron catalysts are generally considered as the most promising candidate , because the 

electrochemical performance of iron catalysts is much better than the other metal catalysts. 

The primary purpose of this thesis is trying to find a new method of synthesizing single iron 

atom catalysts for ORR, using binary ligands, to obtain not only highly active but also incredibly 

stable iron catalysts featured with different structures and morphologies. The precursors of the 

catalysts are synthesized by mixing ligands and metal salts. Through a one-step thermal 

activation , the nitrogen coordinated single Fe atom catalyst is obtained. Several kinds of 

physical characterizations are used to reveal the morphology, structure, pore structure and 

surface area of catalysts. To compare the performance of mixed-ligand MOF catalysts to 

single-ligand MOF catalyst, cyclic voltammetry, staircase voltammetry and some other tests 

were employed. The best catalyst of SDS-5Fe exhibited a half-wave potential of 0.865 V vs. 

RHE, and the stability test showed over 70% of the performance remained after forty hours' 

test. The characterization test showed it had the highest BET SSA of more than 800m2/g. 

However, the remarkable enhanced ORR performance is still hard to reflect a significant 

improvement in fuel cell performance. We need to solve severe performance degradation 

caused by waterflood or other problems. 
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1 Introduction 

1.1 Catalysts for Oxygen Reduction Reaction in PEMFCs 

Nowadays, due to the severe pollution caused by the use of fossil fuels , there is an 

increasing demand for clean energy all around the world. Fuel cells , which convert the 

energy of the reaction between H2 and 0 2 into electricity, are considered as promising 

alternatives. Among all of these fuel cells , proton exchange membrane fuel cells (PEMFCs) 

are the most reliable ones 111. However, a noble-metal-based catalyst must be used at the 

cathode to help hydrogen molecule to split easily. Although platinum group catalysts have 

excellent performances 121 , the high cost and limit storage capacity prevent their large-scale 

and long-term applications. 

(1) PEMFC 

~ 

' 
2H' 
+ 

(2) DMFC 2e· 

(2) 

.... .... .... ,.., .... 
Flow Field Plate .......:' : : : : : ..: ....... Flow Field Plate 

Gas Diffusion Electrode (Anode)·---~ : ! : :____ Gas Diffusion Electrode (Cathode) 
Cata lyst (Anode) ----J : •----- Catalyst (Cathode) 

Proton Exch~nge Membrane 

Figure 1.1 Schematic of a fuel cell. 
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Traditional Pt-group metal free (PGM-free) catalysts are widely developed in the past 

decade (3-51, especially the metal-nitrogen-carbon (M-N-C) catalysts [5-s1_ This kind of catalysts 

is always synthesized by carbon and nitrogen precursors, accompanying metal salt, followed 

by heat treatment and acid leaching. The coordinated effect between the nitrogen and metal 

is considered as active sites of these catalysts. However, severe defects for the previous 

PGM-free catalysts are remaining. For example, the materials are heterogeneous and full of 

metal aggregates, because all the reactants are just mixed physically, and reaction 

mechanism of pyrolysis is still not identified. 

In this case, PGM-free catalysts derived from metal-organic frameworks (MOFs) 

111attracted extensive attention because of their unique properties (9- . On the one hand, MOFs 

materials have high porosity and surface area, which makes them possess a large number 

of active sites and functional groups. On the other hand, their highly ordered structures and 

uniform morphology provide people possibility to achieve all kinds of purposes, through 

tuning the synthesis process and conditions. In particular, single atomic catalysts derived 

from MOF is considered as the most promising alternative, because they show the best 

electrochemical performance among all PGM-free catalysts, even comparable to Pt/C 

catalysts. The most significant advantage of the single atomic catalyst is a highly uniform 

dispersion of metal composition in precursors, which will be converted to homogeneous 

active metal sites after the pyrolysis. 
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1.2 Approaches to Design MOF-Derived Catalysts 

No matter which kind of MOF-derived catalyst people want to get, general approaches 

to designing catalysts can be separated into two parts: the synthesis part and post-treatment 

part. In the synthesis part, people mainly concern about the desirable components , ideal 

structures and controllable morphologies 1121. 

On the one hand, the components of catalysts, or just for precursors, are becoming 

more and more complicated because metals and ligands linking units are so diverse. The 

precursors of catalysts can be easily classified as pure MOF crystal precursors and 

composite precursors 1131_ Pure MOF crystal precursors only contain single MOF crystals 

without any other components. Composite precursors are MOF crystals with some oxide, 

nitride or even some different kinds of MOF crystals. On the other hand , structures and 

morphologies seem not so complicated , while playing a more significant role in 

electrochemical properties. People tried all kinds of method to change the morphology or 

structure of MOF catalysts , only for one reason: larger reaction area and more active sites 11 4-

151_ MOF materials always have high surface area and hierarchical pores. The high surface 

area enlarges the contact area of the ORR reactants, and the pores the increase the number 

of possible metal-nitrogen active sites. 
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Hierarchical pores 

ZIF-8 

ZIF-C 

Figure 1.2 Illustration for the formation of the hierarchically porous carbon from ZIF-8 [141 . 

In the post-treatment part, heat treatment is necessary for most of the catalysts. The 

reason for this is that metal-nitrogen bond is recognized as a core factor for ORR, and the 

bond is only able to be produced via the high-temperature and complex reaction. What's 

more, some inactive metals like Zn, Al or Mg, are used for MOF skeleton , because they can 

be easily moved after a high-temperature treatment. After this process, more pores and 

hollow structure can be obtained for better electrochemical properties or following 

incorporation. The last but not least, MOF precursors are not able to tolerate an acid media. 

Through the heat treatment, precursors convert into carbon , which is relatively more stable 

in acid circumstances. Except for heat treatment , acid leaching is another standard method 

of post-treatment. The general purpose of acid leaching is to remove chemical agents, metal 

aggregations and then create more pores, and add some oxygen-containing groups on the 

surface [161 . In most cases, a second heat treatment is needed following the acid leaching. 
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1.3 PGM-Free Catalysts Derived from MOFs 

As mentioned about, when the MOF materials were introduced to electrochemical at the 

beginning , they were used as one of the ingredients in receipts , combined with other 

ingredients like oxide, nitride or polymer. As a result , the advantages of MOF, like hierarchical 

pores, may be hindered by severe aggregate and poorly controlled conditions. In recent years, 

the host-guest chemical strategy was fully developed, because the obtained catalysts are able 

191 to keep highly homogeneous 117- . Especially, the uniform Zn-based zeolite imidazole 

framework (ZIF) and modified ZIF materials are desirable, because ZIF materials are perfect 

hosts for other metal components. However, as mentioned above, metals like Zn, Al or Mg, 

are just used for MOF skeleton , since they have barely electrochemical activity. In this way, 

some transition metals are introduced into the synthesis of MOF catalysts. 

1.3.1 Fe-MOF Derived Catalysts 

Among all kinds of transition-metal MOF catalysts, Fe-MOF derived catalysts are 

considered as the most promising ones to replace platinum group metal catalysts. Compared 

to the other transition-metal MOF catalysts , the greatest strength of iron MOF catalysts is their 

high electrical activity. Specifically, the ORR activity of the single atomic iron MOF catalyst has 

achieved a half-wave potential of 0.85 V vs. RHE in acid media, which only leaves 30mv 

2 11between Pt/C catalysts 120 - . Also in alkaline conditions, iron MOF catalysts can also show a 

comparable ORR activity to commercial Pt/C catalysts 1221 . The reason for iron MOF catalysts 

have higher ORR activity may attribute to the high activity of Fe-N bonds, which have high 

selectivity for direct four electrons reduction reaction of oxygen to water 123-241_ 

- 5 -



ZIF-8 

Figure 1.3 (A) Severe aggregation when the particle size of the catalyst is too small. (C) 

Synthesis principles of Fe-doped ZIF-derived catalysts and formation of Fe-N bonds. (D) 

HAADF-STEM images of atomic Fe sites in Fe-doped ZIF catalyst and electron energy loss 

spectroscopy (EELS) analysis (the inset of D). 

1.3.2 Co-MOF Derived Catalysts 

Although iron MOF catalysts have great electrochemical performances, Fenton's reagent 

prevents further application of Fe-based catalysts 125-251_ The iron ions may convert into Fe2
+ or 

Fe3+, which would react with hydrogen peroxide in the PEMFCs, and then produce 

hydroperoxyl radical species. The radical species always cause severe membrane failure in 

PEMFC and performance degradation. So, cobalt MOF derived catalysts are desirable for 

PEMFCs because they have the second-best electrocatalytic activity among all transition

metal MOF catalysts 127-291. In 2010, people first began to introduce a cobalt ZIF carbon catalyst 
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in acid [10l , which showed a better performance compared to traditional cobalt-nitrogen carbon 

catalysts derived from MOF. Recently, Co-MOF catalysts have scored remarkable progress in 

both acid and alkaline media [3oJ_ Notably, the single cobalt atomic catalyst in our group 

achieved respectable activity and stability for ORR reaction. Similar to Fe-MOF catalyst, the 

enhanced performance of Co-MOF catalysts is also attributed to the Co-N bonds, particularly 

CoN4 active sites that present on the whole surface and pores. 

Figure 1.4 Original atomic level EELS results to identify the possible Co-N coordination in the 

single atomic Co catalysts. 

1.3.3 Other Metal-MOF Derived Catalysts 

Except for iron and cobalt , many other metals are also used in both acid and alkaline 

electrolytes. The most significant disadvantage is that these catalysts' activities are lower than 

the activities of iron and cobalt catalysts. For example, with the similar process of synthesis 

and post-treatment, Mn-doped ZIF-8 catalyst with the best performance could only achieve a 

0.7 V vs. RHE half-wave potential in acid media, leaving a nearly 200Mv gap with commercial 

Pt/C catalysts. The reason for a poor electrochemical performance may attribute to the difficult 
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formation of Mn-N bonds, so the number of active sites is lower in the same surface area. 

Some papers say the activity of M-N-C catalysts obeys the following order: Pt > Fe > Co > Mn 

> Cu > Ni [5.101. So, copper and nickel-nitrogen catalysts have even worse electrochemical 

performance comparing to manganese. 

1.3.4 Multiple Metal-MOF Derived Catalysts 

In practical applications, people try to combine several kinds of metal MOF at the same 

time, so the final product may possess a better or at least compromising performance [31 -321. 

For example, the Co-MOF catalysts are good at stability but with reduced activity, while the 

Fe-MOF catalysts are just the opposite. So someone applied a dual-metal strategy to 

synthesize MOF catalyst [331, which achieved comparable electrochemical activity to 

commercial Pt/C catalysts (half-wave potential is 0.863 vs. 0.858 V). The excellent ORR 

performance and high selectivity to the 4e- reduction path of this catalyst may be attributed to 

the (Fe-Co)/N/C dual active site can reduce the cleavage barrier of 0-0 bond of oxygen , and 

active the bond from 1.23A to 1 .40A in length. Also , two anchoring sites are provided by the 

dual active site , leading to a more stable product and exothermic reaction heat. Another similar 

Co-Fe dual metal catalyst only achieved an ORR activity with E 112 of 0.77V [341_ Compared to 

the just mentioned catalyst, cobalt and iron salt were dissolved in methanol at the beginning 

of the experiment, that there must be a competition between iron and cobalt ions. While the 

last catalyst is produced through a two-step strategy: The Co-MOF is produced at first , and 

iron salt is added on the second step, which ensures that the two kinds of ions do not interfere 

with each other to the highest degree. 
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1 

(C) 

. ... . . 
. . ~ 

. . ...~ 

• : ~:. ' ~ ~--:J, 

....' ·4 ~ -· ~- ~~;~ 

(B) 

Figure 1.5 (A) Magnified HMDF-STEM of (Fe, Co)/N-C, showing Fe-Co dual sites dominant 

in (Fe, Co)/N-C. (B) Proposed architectures of Fe-Co dual sites. (C) Energies of intermediates 

and transition states in the mechanism of ORR at (Fe, Co)/N-C from density functional theory 

(OFT). 

1.4 Binary-Ligand MOF Catalysts 

Essentially, binary ligand MOF is one of the methods of MOF modification and decoration. 

People used some chemicals to change functional groups on MOF surfaces, like transferring 

an aldehyde group to an alcohol functionality group [35l_ Similarly, using another ligand can let 

33people tune the properties of MOF through a structure and morphology change (35- 1_ This 

strategy was first used in gas separation and storage field (391, in which the MOF materials also 

play an essential role. The main advantage of binary ligand MOF materials is the change of 

MO F's crystallographically defined aperture (41 -421. So, the modified MOF materials have better 

selective to absorb the gas that people want them to. 
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However, there are few papers about binary ligand MOF materials that can be used in the 

electrochemical field , especially PEMFC membranes. People know the performance of MOF 

catalysts are attributed to components , structures, and morphologies. Luckily, binary ligand 

MOF catalysts may be able to enhance all of these three aspects. 

(A) 

----~--- ---~---- -

··.. ....•· 
········ ..··············· 

IF-7 
d = ~ 4. 

Figure 1.6 (A) Schematic of a hybrid-ligand MOF. (B) Comparison of effective pore aperture 

of ZIF-8, ZIF-7, and mixed-ligand ZIF-7-8. 

1.5 MOF Catalysts with Surfactants 

The word" surfactant" comes from "surface active agents", and this is how surfactant 
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works. Surfactants may act as detergents, wetting agents, emulsifiers, foaming agents, and 

dispersants. Generally speaking , surfactants are organic amphiphilic molecules, which have 

both hydrophilic and hydrophobic groups in one molecule. Therefore, they can help the 

reactions between the hydrophilic and hydrophobic phases. When a surfactant is added into 

an oil phase, the molecules will form micelles. The hydrophilic part gets together with another 

molecule's hydrophilic part. The same situation , hydrophobic parts of molecules also get 

together. In this way, micelles with a hydrophilic inner layer and hydrophobic layer are formed. 

The micelles can disperse uniformly in the oil phase , and even they have water phase cores. 

When synthesizing MOF catalysts for ORR, surfactants are not just used to break the limit 

between water and oil phases, and they are also used to control the morphology and particle 

size of MOF precursors. Due to the coating of surfactant molecules, the MOF molecules tend 

to have a smaller size than the usual size. Also , with the help of surfactant, some relatively 

sensitive functional groups on the MOF or sensitive chemical reagents may be protected in 

the micelles [4345l. 

1.6 Objective 

The primary goal of this thesis is to design a kind of catalyst for ORR, using various 

kinds of ligand , to obtain not only highly active but also incredibly stable iron catalysts. In this 

case, the structure and morphology of the catalyst are different from the old catalysts. With 

the change of morphology, more iron content can be doped into the MOFs, leading to a 

higher half-wave potential in acid. In addition , surfactants are used as the morphology and 
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size controller, leading to a further higher iron content and better stability. The initial 

objectives are listed below: 

Design a new kind of catalyst using binary ligand 

Try to dope as much iron content as possible without aggregation 

Optimize catalyst's performance and stability in acid media. 

Apply physical characterization of as-prepared catalysts. 
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2. General Experimental Methods 

2.1 Chemical and Reagents 

Zinc nitrate hexahydrate (99.9%), methanol (99.9%) and ethanol anhydrous (99%) were 

purchased from Fisher Scientific (Fair Lawn , NJ , US). Iron nitrate nonahydrate (99%+), 

benzimidazole (98%), 1 H-Benzotriazole (98%), 1,2,4-1 H-Triazole (99.5%), 2-Ethylimidazole 

(99%), 2-lsopropylimidazole (98%), 2-Methylimidazole (99%), dodecyl sulfate sodium salt 

(99%), were obtained from Acros Organics and used as received. 2-Undecylimidazole 

(96%+) was purchased from Tokyo Chemical Industry Co. , LTD. Milli-Q water with a 

resistivity of 18.2 mO*cm-1 was used in all preparations of the entire experiment. The 0.5M 

sulfuric acid solution was used as an electrolyte to measure the electrochemical properties 

of the catalysts on the ROE electrode. 

2.2 Catalyst Synthesis and Post-Treatment. 

During the synthesis , several kinds of different ligand were mixed with 2-methylimidazole, 

with the molar ratio at 2:1 , 1:1 , 1:2, and 1:3, to prepare Fe-ZIF with several kinds of 

morphologies and structures. The molar ratio between Zn(NO3)2·6H2O and the total amount 

of two ligands was kept constant at 1: 4.21. The molar ratios between Zn(NO3)2·6H2O and 

Fe(NO3)3·9H2O were 1 :0.025, 1 :0.05, 1 :0.075 and 1 :0.1. If the surfactant is needed, the molar 

ratios between Zn(NO3)2·6H2O and surfactant were 1 :0.5 and 1: 1. 

In a typical procedure for the catalyst, Zn(NO3)2·6H2O (3.39 g) and Fe(NO3)3·9H2O (x 

g) were dissolved in 600mL methanol , and this solution is called solution A. Then, the two 
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kinds of different ligands were dissolved in the other 600ml methanol , which is called solution 

B. Specifically, if the surfactant is needed to add, it should also be solved in solution B. Then 

solution A and B were mixed and shacked for about 1Os. The mixed solution is sealed and 

heated at 60°C for 24 h. 

After 24hours heat, precipitant was formed and then collected via centrifuging. Then the 

precipitant was washed , using 20-25ml ethanol for three times, and dried at 60°C in a 

vacuum oven. So far, the precursor of catalysts is synthesized. The precursor was then 

exposed to the thermal activation at 1100°C under N2 flow for one hour in a tube furnace. 

Individually, after the heat treatment, the tube must be cooled down to room temperature 

before the catalysts are exposed to the air condition. After grinded in a mortar, the final 

catalyst is obtained. No additional acidic leaching and the second heating treatment were 

required. 

2.3 Ink Preparation and Electrochemical Measurements 

5mg of the catalyst (grinded in a mortar before) was suspended in S0µL isopropanol 

with 1SµL Nation solution , and set in the ultrasonic machine for 30mins at least. After fully 

ultrasonic treatment , 30 ink was dropped onto the GC-RDE and air-dried at 60°C. 

The catalyst-coated GC-RDE was subjected to cyclic voltammetry (CV), staircase 

voltammetry (SCV) and intensity of current (IT) tests in the Or saturated 0.5M H2SO4 

solution. The counter electrode was a graphite rod , and the reference electrodes were 

Hg/HgSO4 (K2SO4-sat. , 0.70V vs. RHE). The catalyst's loading was controlled at 1.2 mg/cm2 

for all measurements. The CV test was used to test the electrochemically accessible surface 
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area. The electrolyte scan rate was 20 mv/s, and the rotation rate was 200rpm. For SCV 

test, the electrolyte scan rate was the same, but rotation rate was 900rpm. The discrete 

potential step was set 0.05V with an interval of 30s from 1.0V to 0V, relative to RHE. SCV 

test was used to determine the electrocatalytic activity for the ORR. Then , in order to test the 

stability performance of the catalysts, IT curves were recorded , holding the potential on 

0.85V for 40hours. Also , the ORR activity is recorded after every 10 hours' IT test. 

2.4 Physical Characterization Methods 

2.4.1 SEM 

Scanning electron microscope is used to scan the surface of catalysts. It uses a 

focused , accelerated beam of electrons to produce secondary and backscattered electrons. 

The area map of the secondary emissions is then produced by collecting the secondary 

electrons. The intensity of secondary emission is very dependent on local morphology, so 

the area map is actually a magnified image of the sample. In this work, catalyst morphology 

was studied using SEM on a Hitachi SU 70 microscope at a working voltage of 5 kV. To 

prepare SEM specimens, the catalysts were dispersed in methanol and then dropped on a 

thin copper sheet. After the methanol was dry, the specimens were ready to test. 

2.4.2 XRD 

X-ray diffraction is a technique that people use it to determine the atomic and molecular 

structure of a crystal. When a beam of X-ray strikes a crystal sample, the specific crystal 

structure of this sample diffracts the X-ray into many specific angles or directions. After 
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measuring the angles and intensities of these diffracted beams, people use a group of 

functions to obtain the sample's electron density within this sample. According to the 

electron density, the chemical bonds, crystal phases, and some other information can be 

determined. In this work , the crystal phases of the catalysts with the best performance were 

identified by using X-ray diffraction (XRD) on a Rigaku Ultima IV diffractometer with Cu K-a 

X-rays. 

2.4.3 Raman 

Raman spectroscopy has been widely used in the identification of substances and the 

study of spectral characteristics of molecular structures. When the sample is irradiated with 

monochromatic light having a wavelength much smaller than the particle size of the sample, 

most of the light is transmitted in the original direction , and a small part of the light is 

scattered into different angles, resulting in scattered light. If we view from the vertical 

direction , except for the scattered light with the same frequency as the original incident light, 

a series of symmetrical lines with very weak displacements of the incident light can be 

observed. These symmetrically distributed lines are called Raman lines. In this way, the lines 

give people information about the phonon modes in the sample, also molecular vibration or 

rotation. In this work , the Raman spectra were carried out using a Rigaku Ultima IV X-ray 

Diffractometer. 

2.4.4 N2 Adsorption and Desorption 

The N2 adsorption and desorption method is a kind of BET method. The samples are 

placed in a system filled with nitrogen gas (at -196°( for liquid nitrogen in most cases). With 

- 16 -



the systematical increase of pressure of nitrogen gas, the amount of N2 molecules that 

adsorbed on the surface of the sample is increased at the same time. Similar, if the nitrogen 

gas pressure is systematically decreased , there will be desorption of the absorbed N2 

molecules. In this way, by measuring the established equilibrium between the pressure and 

the quantity of N2 gas adsorbed or desorbed, the adsorption and desorption isotherms are 

obtained. Combining the physical models yields information about materials' pore structures 

such as BET specific surface area (BET SSA), pore size distribution and composition are 

determined. In this work , The N2 absorption and desorption test was carried out at 77 Kon a 

Micromeritics TriStar 11. The best performance catalysts were degassed at 150 °C for three 

hours before the measurement. BET SSA was calculated by using the multiple-point 

Brunauer-Emmett-Teller (BET) model. The pore size distribution (PSD) were obtained from 

the analysis of the adsorption branch of the isotherm by the density functional theory (OFT) 

method. 
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3 Catalyst Synthesis and Optimization 

3.1 The Choice of Second Ligand 

In our group's previous work, we had successfully produced the single atomic iron catalyst 

for ORR, which shows a half-wave potential of 0.85V vs. RHE in acid media. So, in this work, 

we used the similar experiment procedure as a basis and considered 0.85V vs. RHE as 

standard performance level. In this work, 2-methylimidazole was chosen as the first ligand, 

and four different kinds of ligands were tried as the candidate of the second ligand. As we can 

see in Figure 3.1, there are huge gaps among the ORR activities of different catalysts. 

o.5 ----- Bim+Mim 0 2 saturated o.s M H,so. 
o.o -- Eim-1-Mim 

_._ Uim+Mim ,......_ -0.5 
NE ----T-- Tri 1m 

<..> -1 .0 
~ ---+- Mi 

-E -1 .5 
>, 
~ -2.0 
C'3 -2.5 

~ -3.0 
I... 

8I... -3.5 

-4.0 

-4.5 

-5.0 -+---.----+-----.----,.----,----+---.---+-----r---+ 
0.0 0.2 0.4 0.6 0.8 1.0 

Potential (V vs.RHE) 

Figure 3.1 ORR polarization plots for different second ligand catalysts in 0.5M H2SO4. (Bim for 

Benzimidazole, Eim for 2-Ethylimidazole, Uim for 2-Undecylimidazole, Tri for 1,2,4-1 H-

Triazole) 
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Figure 3.2 SEM images of (A) Eim catalyst (B) Bim catalyst (C) Uim catalyst (D) Tri catalyst. 

On the one hand , the half-wave potential of Tri and Bim group catalysts are incredibly 

worse than 0.85V, which could only achieve about 0.75V vs. RHE. With the help of SEM 

pictures of these two catalysts , as shown in Figure 3,2, we can explain the reason for this 

result. Apparently, these two catalysts' shapes are unusual comparing to the single-ligand 

catalyst, which has uniform dodecahedron structures (Shown in Figure 1 .4). The SEM picture 

of Bim catalysts shows crystals with tiny particle size are produced. The steric effect of 

benzimidazole is relatively more massive than the other three ligands, and the enormous steric 

effect will undoubtedly hinder the further growth of MOF crystals. In this way, only small 

particles can be obtained , which means the number of active sites on the surface of Bim 

catalysts is very low, leading to a bad ORR activity. The Tri catalysts are worse because they 

even do not have polyhedral structures. On the contrary, there are full of straw like structures 
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observed in SEM pictures of Tri catalysts. The reason for this phenomenon may be 1,2,4-1 H

triazole does not have a branched carbon structure or functional groups, which prevents the 

formation of common Zn-N bonds in MOF crystals. 

On the other hand, the ORR activities of Eim and Uim catalysts are comparable to the 

single-ligand catalyst with a half-wave potential about 0.82V vs. RHE. Compared to 

benzimidazole and 1,2,4-1 H-triazole, 2-ethylimidazole and 2-undecylimidazole have a similar 

structure to 2-methylimidazole, with the only difference on the length of carbon branch. From 

the SEM picture of Eim catalyst , we can observe that there is almost no difference in 

appearance between Eim and single-ligand catalysts. However, 2-undecylimidazole has a 

much longer carbon branch comparing to 2-ethylimidazole, which leads to a more different 

structure, with larger particle sizes, rougher surfaces and maybe more pore structures. 

Therefore, in the following sections, the Uim is chosen to be the second ligand for further 

exploration. 

3.2 Optimization Of Ligand Amount 

Before we tried to optimize how much 2-undecylimidazole we should add mix with 2-

methylimidazole, we tried to determine whether MOF can be produced with only 2-

undecylimidazole and zinc salt. As a result , nothing was obtained. So we set the molar ratio 

rate between Uim and Mim at 2: 1, 1: 1, 1:2, and 1:3. 
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Figure 3.3 ORR polarization plots for different molar rate between Uim and Mim at 2: 1, 1: 1, 

1:2, and 1 :3. (Catalysts synthesized from single-ligand Uim or Mim is also shown). 

Figure 3.4 SEM images of Uim catalyst with the molar rate to Mim 1:3. 

Unlike the massive difference between different ligands catalysts, it is only a little 

gradually getting better ORR activities trend from the 2: 1, 1: 1, 1:2, to 1:3 catalysts. From the 

SEM pictures, we can judge that 1:3 catalyst has the smallest particle size with only about 
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100-120nm. From the Figure 3.2, the 1: 1 catalyst's particle size is about 200nm. This result is 

very similar to another previous work in our group that a smaller size of catalyst usually means 

a better ORR activity until the minimum 50nm (As shown in Figure 1.4, the ORR activity will 

be worse if the size is too small , like 20nm, because severe aggregation will occur). In order 

to determine whether we could obtain a catalyst with better ORR performance, the amount of 

2-undecylimidazole was further reduced to a rate of 1 :5. However, the ORR activity was only 

0.81 as shown in Figure 3.3, which means a certain amount of 2-undecylimidazole is 

necessary for binary-ligand MOF catalyst. Therefore, in the following parts , we chose to use 

1:3 as the default molar ratio between the two kinds of ligands. 

3.3 Optimization of the Amount of Iron Salt 

In our group's previous work, the most enormous amount of iron salt we could add into 

the MOF system was 2.5% molar ratio between Fe and Zn. If more iron salt were added , 

serious aggregation would appear and be observed under transmission electron microscopy 

(TEM). That is why one of the main purposes of this thesis is trying to dope as much iron 

content as possible without aggregation. So we set four groups of experiments with different 

amount of iron salt: the molar ratios between Zn(NO3)2-6H2O and Fe(NO3)3 ·9H2O were 

1 :0.025, 1 :0.05, 1 :0.075 and 1 :0.1. We used 2.5Fe, 5Fe,7.5Fe , and 1 0Fe to differentiate these 

four groups for short. 
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Figure 3.5 ORR polarization plots for different iron salt content from 2.5% (2.5Fe) to 10% 

(1 0Fe) of molar rate to Zinc. 

As we can see in Figure 3.5, the ORR activity is getting better if the iron content is double. 

The half-wave potential of 5Fe catalyst could achieve 0.865V vs. RHE, which is even better 

than our previous best iron catalyst (2.5Fe-Mim). However, the ORR activity became lower 

along with the higher amount of iron to 7.5 Fe and 1 0Fe. Notably, in Figure 4.3 (A), the XRD 

patterns of 5Fe catalyst showed us there was a weak peak at 80° for metal cluster, which 

means that there was also iron aggregation even in the 5Fe particles. 
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3.4 Optimization of Heat Temperature 

As we all know, the temperature of heat treatment is a crucial point for catalysts' 

performance. The previous work in our group revealed that the best heat treatment 

temperature for single-ligand Fe catalysts is 1100°C in the nitrogen flow. The reason is that if 

the temperature is low, the number of active sites is very small , or it is hard to form sites with 

high intrinsic activity. Also , a high temperature (at least 900°() is essential to remove zinc, so 

that it is able to form porous structure and morphology. However, if the temperature goes too 

high , like 1150°( or more, a liquid phase of iron and carbon will generate, leading to nothing 

left after the heat treatment. According to the phase diagram of carbon and iron , we are able 

to explain this phenomenon , because the eutectic point is around 1147°C. Thus, three different 

temperatures are used to identify whether mix-ligand MOF catalysts have the same property 

as single-ligand catalysts. 
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Figure 3.6 ORR polarization plots for different temperature of heat treatment. 

As shown in Figure 3.6 , it shows a better result when the temperature is increased from 

900 to 1100°C. This result suggests that higher temperature tends to lead to a better result , 

among which 1100°C is the most promising temperature in the following experiment parts and 

sections. This phenomenon may be attributed to the sharp increase of graphitic N when the 

temperature is up to 1100°c [21l_ 
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Figure 3.7 X-ray photoelectron spectroscopy (XPS) N1 s spectra of the Fe-ZIF catalyst with 

different temperature of heat treatment from 700 to 1100°C [21l. 

3.5 Surfactant Strategy of Synthesis 

At first , surfactants were introduced to improve the flatness of the coated catalyst on GC-

ROE, as shown in Figure. However, the surfactant sodium dodecyl sulfate (SOS) unexpectedly 

improved the ORR activity of high iron content catalysts, especially for 7.5Fe. From the ORR 

curves below in Figure 3.8, we surprisingly found the 7.5Fe catalyst with SOS doped had such 

an excellent half-wave potential for about 0.85V vs. RHE , even comparable to 5Fe-SOS 

catalyst. As we all know, the if the iron content of a catalyst is very high , the particle size will 

accordingly increase, leading to the more fragile structure, which would be easy to break in 
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heat treatment process. And this is why the ORR activities of catalysts with high iron content 

are worse than low iron content catalysts. In this way, we thought the SOS must have some 

effect on the formation or growth of MOF crystal. On the contrary, the 5Fe catalyst with SOS 

showed a worse ORR activity comparing to the catalyst without SOS. So, SOS would only 

help to improve the ORR activity when the iron content is at least higher than 5Fe. 
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Figure 3.8 ORR polarization plots for different iron salt content and with SOS. 

Although SOS must affect the MOF, the reason for why SOS could improve the high iron 

content catalysts' ORR activities was still hard to explain. So, some other experiments' results 

gave us a lot of ideas. For example, when the iron content of MOF is growing to 20Fe, we 

could barely get any precursors after the experiment process. It is the proportion between 

metal ions and imidazole which actually affects the formation or growth of MOF crystals. If the 

iron content is very high, it will prevent the integrate of zinc ions and imidazole , which also 
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means the formation of Zn-N bonds. While the Zn-N bonds are the skeleton of MOF precursors, 

the MOF crystal could not form as usual. However, the SOS molecules have a considerable 

amount of anionic groups, which may slow down the integrate of iron ions and imidazole, but 

do not affect the total iron content, just like a buffer for a huge amount of cations. 

To improve our guess, we tried to double the SOS content in 15Fe catalyst synthesis 

process. Because if the SOS is effective to buffer a higher iron content, a much higher iron 

content can also be buffered by more SOS. As shown in Figure 3.9, the 15Fe catalyst with the 

double amount of SOS achieved a half-wave potential for 0.81V vs. RHE. Although the activity 

was still not comparable to 0.865V, it still exceeded the half-wave potential of catalysts with 

no SOS or standard amount of SOS for about 0. 7V vs. RHE. This result means the SOS must 

help to control the proportion between metal ions and imidazole in the process. The possible 

effect of SOS is also explained in a paper [45l: as shown in Figure 3.10, the surface of material 

is occupied by hydroxyl groups. As the SOS molecule has an anionic group of SQ4-and zinc 

vanadate has many hydroxyl groups on the surface, SOS will entwine the material surface 

tightly. But material obtained without anionic surfactant is highly agglomerated. 
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Figure 3.9 ORR polarization plots for different iron salt content and 15Fe with SOS. 
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on the particle size and morphology [45l_ 
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The last problem was why SOS would only be effective when the amount of iron is high. 

We found some ideas from the physical characterization and electrochemistry test , as shown 

in chapter 4. As we can see, the CV test showed when SOS was added , the surface area 

should be less than 5Fe without SOS , because the surface area of CV was obviously 

becoming smaller when SOS was added. X-ray fluorescence (XRF) test was used to 

determine the elemental composition of catalysts. We found that there was a huge amount of 

sulfur rested in catalysts when SOS was added , which mean it was not easy to remove sulfur 

through the heat-treatment like zinc. The result explained why ORR activity became worse: 

the remaining sulfur blocked part of the active sites on catalysts. If the iron content was very 

high , the negative effect still resisted , but the positive effect that SOS would help the 

information of MOF crystal was dominant relatively. 

3.6 Summary 

In the third chapter, we introduced some optimizations for our catalysts , including the 

species of ligands, amount of ligand and metal salt, the temperature of heat treatment and 

influence of surfactant. The optimized final synthesis receipt is that: First, 2-undecylimidazole 

is used as the second ligand mixed with 2-methylimidazole and the atomic molar rate between 

2-undecylimidazole and 2-methylimidazole is 1:3. Second, the atomic molar rate between iron , 

SOS, and zinc is 5: 50: 100. Third , the temperature of heat treatment is set at 1100°C for one 

hour in the nitrogen flow. Although the ORR performance of 5Fe catalyst was better than 5Fe

SOS catalyst, the IT result and XRO patterns showed in chapter 4 gave us an opposite result. 

In this way, SOS is used in the final catalyst synthesis. After this entire chapter, the 
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performance of as prepared final catalyst was successfully improved from 0.85V vs. RHE to 

0.87V vs. RHE. 
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4 Final Catalyst and Performance Test 

4.1 Final Catalyst Synthesis 

The synthesis of final catalyst is basically the same as the described previous section , 

with the optimized parameters selected for the choice of second ligand , the amount of ligand , 

the amount of iron salt, the temperature of heat treatment and choice of surfactant. First, 2-

undecylimidazole is used as the second ligand mixed with 2-methylimidazole and the atomic 

molar rate between 2-undecylimidazole and 2-methylimidazole is 1:3. Second , the atomic 

molar rate between iron , SOS, and zinc is 7.5: 50: 100. Third , the temperature of heat 

treatment is set at 1100°C for one hour in the nitrogen flow. After this entire chapter, the 

performance of as prepared final catalyst was successfully improved from 0.85V vs. RHE to 

0.87V vs. RHE. 

Metal Salt Ligands 

Fully mixi ng Standing for 20mins Standing for 24hours Collecting by 
(Room Temperature) (60"C) Centrifuging 

~Washing in Ethanol 

Heat Treatment Vacuum Drying 

Alumina Tube ~ 

Figure 4.1 Schematic flow chart of the synthesis of catalysts 
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4.2 Physical Characterization 

4.2.1 SEM 

Figure 4.2 SEM images of 5Fe-SDS catalyst 

From Figure 4.2 we can see that the particle size of the catalyst is about 35-S0nm, 

which is much smaller than the catalyst without SOS, comparing to Figure 3.4. Also , 

comparing to the images in Figure 1.4 (A) and (B), although more iron content is added, the 

particles are still isolated without obvious agglomeration. 
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4.2.2 XRD 
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Figure 4.3 XRD patterns of (A) 5Fe catalyst and (B) 5Fe-SDS catalyst 

The Figure 4.3 (A) and (B) are XRD patterns of 5Fe with or without SOS added catalyst. The 

hydrocarbon networks in ZIF crystals were completely carbonized as evidenced by the 
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dominant peaks at 25° and 44 ° for the (002) and (101) planes of carbon , in both two images. 

Notably, the tiny peak at 80° for metal cluster became weaker in the second image, which 

means fewer metal clusters were informed in the synthesis process. This result can also 

prove the explain in the last chapter for the possible mechanism of SOS: anionic groups of 

SOS molecules slowed down the integrate of iron ions and imidazole, also reduced the 

opportunities of iron ions coming into contact with each other, leading to fewer metal 

clusters. 
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4.2.3 Raman 

ti)-C 
:J 
0 
0 

ti)-C 
:::J 
0 u 

(A)6000 D peak G peak 

4000 

Distortion, 

Sp2 C .../ C5 ring or 

outside heteroatoms 
graphene2000 

'··,"-. 

0 

1000 1500 2000 

Raman shift/ cm-1 

6000 

(B) 

4000 

2000 

0 

1000 1500 2000 

Raman shift/ cm· 1 

Figure 4.4 Raman Spectra of (A) 5Fe catalyst and (B) 5Fe-SDS catalyst 
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Table 4.1 Raman fitting results of 5Fe and 5Fe-SDS catalysts 

Sp2 C- Distortion, CS 

Sample outside D peak% ring or G peak% lo/lG Ao/AG 

graphene % heteroatoms % 

5Fe 11.06 53.25 14.73 20.96 1.19 2.54 

5Fe-SDS 9.03 54.44 13.93 22.60 1.16 2.41 

From Figure 4,4 we can see that both catalysts showed obvious D and G band. The D 

band is generally located at 1300cm-1, indicating SP3 bonds in diamond carbon structure. 

Sometimes the showing up of D band also means the disorder of graphene or layered 

graphite structure. The G band is generally located at 1580cm-1, indicating SP2 bonds in 

planar sheets structure. The ratio of intensity (l o/lG) or intensity area (Ao/AG) of D band to G 

band can be seen as a degree of disorder of carbon material. Also , this value represents the 

degree of graphitization. From Table 4.1 we can see the value of lo/lG or Ao/AG is almost the 

same, which means that SOS has barely effect on the degree of graphitization and the 

formation of defection in catalysts. 
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Figure 4.5 (A) OFT pore size distribution isotherms of 5Fe catalyst and 5Fe-SDS catalyst. 

(B) N2 adsorption-desorption isotherms of 5Fe catalyst and 5Fe-SDS catalyst. 
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Table 4.2 Pore distribution and BET surface areas of 5Fe and 5Fe-SOS catalysts as a 

function of catalyst sizes. 

Vmicro Vmeso Vmacro V total SsET 

Sample 
/cm3g-1 % /cm3g-1 % /cm3g-1 % /cm3g-1 /m2g-1 

5Fe 0.12 11.54 0.88 84.62 0.04 3.84 1.04 558 

5Fe-

0.11 9.02 1.05 86.07 0.06 4.91 1.22 802 

sos 

Figure 4.5 (A) gave the OFT pore size distribution of the 5Fe and 5Fe-SOS catalysts. 

We could see that there was no obvious difference between the two groups. Both of them 

had a main distribution centered at mesopores area. Also , they had some pores spanned in 

the micropores region. With the help of SOS, a little larger micropores seemed to exist in 

5Fe-SOS catalyst. 

Figure 4.5 (B) showed the N2 adsorption and desorption isotherms. Generally, the 5Fe

SOS catalyst had more pores structures than the catalyst without SOS. We could also see 

Table 4.2 that the distribution of micropores, mesopores or macropores were very similar in 

these two catalysts , and most of the pores were mesopores for more than 80% composition. 

Yet there was a huge difference on the BET surface area. With the help of SOS, 5Fe-SOS 

catalyst had the BET SSA for 802m2/g , which is 45% more than 5Fe catalyst. 

Notably, the BET SSA of 5Fe-SOS catalyst was better than single-ligand catalyst 

(615m2/g) comparing to the previous work, while they have the similar particle size for 40 to 

50nm. In this way, the larger BET SSA comes from more pore structures on the surface or 
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the hollow structure for catalyst. Compare to the 5Fe catalyst, 5Fe-SDS catalyst has a larger 

surface area, but lower ORR activities as shown in the last chapter. This result is very 

unusual. The possible explaination is mentioned on the last chapter: according to the XRF 

test, an amount of sulfur is retained in the final catalyst, and the remaining sulfur blocked 

part of the active sites on catalysts. In a word , SOS did help to increase the BET SSA, but 

the remaining product of SOS after heat-treatment blocked some active sites, leading to a 

little worse ORR activity with much higher BET SSA. 

4.2.5 HR-TEM 

Figure 4.6 HR-TEM images for 5Fe catalyst (Up) and 5Fe-SDS catalyst (Down) 

As we can see in the up image, few clusters were formed in the catalyst. The reason for 

these cluster may be attributed to metal aggregation when then iron is relatively high , and 

the long standing time in the experiment process without stirring. On the contrary, after 
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adding SOS into the synthesis process, we obtained catalysts with uniformly dispersed 

atomic iron, as shown in Figure 4.6. The possible explain of this result is hydroxyl groups of 

SOS have a slight attraction to the iron ions in the solution, which makes the dispersion of 

ions uniform and reduces the possibility of formation of metal clusters 

4.3 Stability Test 

In the stability test, we tried a new type of method that first hold the potential on 0.85V 

for ten hours, then record the intensity curves under the stable 0.85V potential. This method 

is very harsh because the catalyst is more vulnerable to high potential. 
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Figure 4.6 (A) Current density and time curve of single-ligand catalyst , 5Fe with SOS and 

without SOS catalyst. (B) ORR activity of 5Fe-SOS catalyst after 1 Oh IT test. (C) Stability 

accelerated stress tests (ASTs) of 5Fe-SOS and (0) 5Fe catalyst by cycling the potential 

(from 0.6 to 1.0V) in Or saturated 0.5M H2S04. 

As shown in Figure 4.6 (A) , after ten hours IT test, it had a gradually increasing current 

density remain from single-ligand catalyst, 5Fe catalyst to 5Fe-SOS catalyst, which showed 

that mix-ligand MOF catalysts had better stability in acid solution comparing to the single

ligand MOF catalyst. Also , the SOS helped to improve the stability for more than 10% (from 

65% to 75% current density remaining). In Figure 4.6 (B) , we could see the ORR activity loss 

after the ten hours harsh IT test for 5Fe-SOS catalyst. Obviously, there was an only 1OmV 

loss from 0.85V to 0.84V vs. RHE. 

Similarly, the stability ASTs test also had a better result for the catalyst with the SOS. 

After 1 OK cycles , the activity loss of 5Fe-SOS catalyst was about 35mV, yet still remained 

higher than 0.82V vs. RHE. On the contrary, the 5Fe catalyst showed a dramatic activity loss 

in the first 2.5K cycles , from 0.865V to 0.82V vs. RHE. Although the activity loss in the next 

7.5K cycles was much smaller, the final result was unsatisfying. 

In summary, from the above stability test, the 5Fe-SOS showed the best electrochemical 

performance, including IT and cycling potential tests. Although 5Fe catalyst with SOS free 

showed a better initial ORR half-wave potential , the poor stability performance ruined the 

overall performance. 
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5 Conclusion 

In summary, the hybrid-ligand MOF catalysts are prepared and tested. At first , the 

components of the catalyst were determined through a series of experiments. The next, 

more iron was doped into the mixed-ligand MOF catalyst, leading to some new problems. 

Then , surfactant was accidentally found to improve activity performance of catalysts from all 

the aspects. Besides the activity, the stability test result showed that comparing to single

ligand catalysts, the mixed-ligand MOF catalyst also showed a better performance for ORR 

stability. The final result of best catalyst showed a half-wave potential of 0.85V-0.865V vs. 

RHE in acid solution. The particle size of this catalyst is about 40-S0nm, with a BET SSA for 

802m2/g. After 1 OK cycles under identical AST conditions , 35mV potential loss in half-wave 

potential. 
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