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ABSTRACT 

This paper describes the use of both atomically dispersed precursors (ADPs) and conductive 

carbon dispersion towards the synthesis of iron-based single atom electrocatalysts for the 

oxygen reduction reaction (ORR). For non-platinum group metal (non-PGM) catalysts, single 

iron, cobalt or manganese atoms coordinated with nitrogen are the most active structures 

towards the ORR. Achieving a high density of active sites made of single atoms is still 

challenging, requiring careful controls of pyrolysis to reduce the sintering of metal active sites. 

Herewith, we present a new strategy to synthesize iron-based single atom ORR electrocatalysts 

using a two-pronged approach. We first designed a dual-ligated metal organic framework 

(MOF) precursor. This MOF was then immobilized onto Ketjen black carbon that serves as a 

conductive dispersion medium for creating the highly dispersed single atom sites. We 

demonstrate a near complete dispersion of the iron sites without obvious formation of 

nanoparticles. The activity of the resulting electrocatalyst exhibited an onset potential of 0.96 

V and a half-wave potential of 0.84 V vs. reversible hydrogen electrode (RHE). 

 

Keywords: dual-ligated, atomically dispersed, immobilized, non-platinum group metal, single 

atom, oxygen reduction reaction  
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1. Introduction 

The development of new energy generation and utilization technology is important to 

move away from fossil fuel-based processes. A key driver is the use of renewable fuels 

generated from sustainable sources (e.g., wind and solar) for energy applications, such as 

transportation. In this context, hydrogen-powered polymer electrolyte membrane fuel cell 

(PEMFC) is a promising technology. The large-scale commercialization of PEMFCs for 

transportation applications however necessitates the development of highly active, low cost 

electrocatalysts for the oxygen reduction reaction (ORR) [1-10]. A key current research 

approach is to use low- or non-platinum group metal (PGM) electrocatalysts to make 

membrane electrodes for PEMFCs. Among them, nitrogen-coordinated iron (Fe), cobalt (Co), 

and manganese (Mn) based single atoms in carbon matrices are the most promising non-PGM 

electrocatalysts [11-20]. Synthesis procedure for these materials could have a critical impact 

on the final structures and chemical properties that govern catalytic performance. For high 

current density PEMFCs that are necessary for the heavy-duty vehicles, increasing the active 

sites of the electrocatalysts is important to achieve the performance targets.   

Different methods have been developed for making single Fe and Co atom ORR 

electrocatalysts. Heteroatom-containing polymers and metal organic frameworks (MOFs) are 

often used as atomically dispersed precursors (ADPs) in the synthesis of these kinds of 

electrocatalysts [16, 20-33]. There are several advantages in using the ADPs for making the 

electrocatalysts. Firstly, the ADPs inherently contain the required elements (C, N and metal). 

Secondly, the method allows for the spatial confinement of metal single atoms. Thirdly, the 

resulting porous structures may further facilitate a high level of dispersion of the active 

elements throughout the lattice. The ADPs need to be treated at high temperatures to generate 

porous carbon structures with highly dispersed metal-nitrogen moieties, which are essential for 

high activity. Avoiding the formation of metal nanoparticles, which have been shown to be less 
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active towards the ORR, is often necessary but often challenging because of the high 

temperature needed to convert the ADPs into active species through the pyrolysis [28, 34-36].  

Studies have shown through elemental substitution in the precursor, reaction temperature could 

be optimized, resulting in the formation of single atom active structures at a reduced 

temperature which further limited the formation of nanoparticles [16]. Currently, the zeolitic 

imidazolate framework (ZIF-8) is one of the most commonly used precursors in the synthesis 

of highly active electrocatalysts for the ORR, though other MOFs have also been used as the 

ADPs [18, 32, 37, 38]. 

In this study, we developed a strategy to synthesize single Fe atom ORR electrocatalysts. 

On the selection of ADPs for the preparation of non-PGM ORR electrocatalysts, we used a 

dual-ligated MOF with 1,4-diazabicyclo[2.2.2]octane (DABCO) as the N-containing ligand 

and terephthalic acid (TPA) as the organic linkers. In this case, the oxygen-containing ligand 

(i.e., TPA) coordinates to the metal atoms in a two-dimensional plane, while the nitrogen-

containing ligand (i.e., DABCO) serves as the other linker to form the three-dimensional 

framework [39]. Unlike ZIF-8 or other single-ligand MOFs, the use of a secondary ligand helps 

to increase the control of interatomic distances between the metal nodes, thus the new 

opportunity to optimize distances between Fe atoms within the MOFs [16, 23, 28, 40-44]. In 

addition, we immobilized ADPs onto conductive supports to further increase the Fe and N 

atomic dispersions. This immobilization step served to anchor and stabilize the single atom 

sites during pyrolysis [45]. Following this two-pronged design concept, we developed a highly 

active non-PGM electrocatalyst with uniformly dispersed single atom sites on carbon support. 

The obtained non-PGM ORR electrocatalysts exhibited an onset potential (Eonset) of 0.96 V and 

a half-wave potential (E1/2) of 0.84 V (vs. RHE) in a 0.1 M perchloric acid (HClO4) electrolyte 

tested using a graphite rod as the counter electrode, which are among the most active non-PGM 

ORR electrocatalysts reported [13]. 
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2. Results and discussion 

2.1  Preparation of the MOFs derived Fe–N–C electrocatalysts 

Fig. 1 illustrates the synthetic route for the preparation of Fe-based atomically dispersed 

non-PGM electrocatalysts. A Zn-Fe-DABCO-TPA MOF was synthesized from a mixture of 

DABCO (N-containing ligand), TPA, Zn(NO3)2, and Fe(NO3)3. The MOF precursor was then 

loaded onto Ketjen black carbon. Finally, a Fe-based non-PGM ORR electrocatalyst was 

prepared through the pyrolysis at a predetermined temperature in the range of 850 °C to 

1,050 °C under an Ar atmosphere. 

 

Fig. 1. Illustration of the synthesis route to the non-PGM electrocatalyst using dual-ligated 

MOF precursors immobilized on a conductive support. 

 

2.2 Structure identifications of Fe–N–C electrocatalysts 

The non-PGM electrocatalyst was made from a MOF precursor containing Fe as the active 

metal and exhibited faceted morphologies with the long edge length in the range of 1 to 2 μm 
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(Fig. S1). The PXRD pattern shows the as-synthesized MOF precursor was highly crystalline 

(Fig. S2). Fig. 2a shows the TEM micrograph of the produced electrocatalysts which exhibit 

porous structures without any observable nanoparticles. The TEM study showed the high 

temperature pyrolysis did not lead to the formation of nanoparticles. In contrast, the control 

catalyst of Fe-D-T950, which was synthesized under similar conditions but without the use of a 

carbon support, consisted of a number of nanoparticles (Fig. S3). This observation suggests 

that the immobilization of ADPs onto the carbon support could help in anchoring the as-

synthesized MOFs and reduce the possibility of sintering though the interaction between the 

carbon support and MOF precursor. Such interactions effectively reduce the sintering of metal 

atoms during the pyrolysis step. Aberration-corrected annular dark-field (ADF) STEM study 

shows bright spots, which are indicated by the yellow arrow and correspond to single Fe atoms 

on carbon support (Fig. 2b) [16]. The final atomic Fe loadings in both Fe/C950 and Fe-D-T950 

were determined using ICP-MS measurement and the results were summarized in Table S1. 

The metal loading for the Fe/C950 electrocatalyst was determined to be 0.72 wt.%.  This value 

is lowered than those obtained using the procedure without the use of carbon dispersion media 

and likely resulted from the additional amount of conductive carbon used in this procedure. 
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Fig. 2. (a) TEM micrograph, (b) ADF-STEM image, (c) PXRD pattern, and (d) N2 isotherm 

analysis of the Fe/C950 electrocatalyst, showing the dispersion of single atom moieties and the 

lack of iron-containing nanoparticles. 

Fig. 2c shows the PXRD pattern of a typical Fe/C950 catalyst, which exhibits two broad 

peaks centred at 22° and 43° 2θ, corresponding to graphitic carbon [38, 46]. The diffraction 

peaks are broad, indicating a large degree of disordering, which might be attributed to the N 

and Fe atoms incorporated in the amorphous carbon matrices. In the case of Fe-D-T950, in 

addition to the peaks attributed to graphitic carbon, diffractions from iron oxide (Fe2O3) 
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nanoparticles were observed (Fig. S4). These results agreed with those from the TEM study. 

In contrast, when a carbon dispersion medium was used, no metal or metal oxide nanoparticles 

were observed in the PXRD patterns (Fig. S5) or TEM micrographs (Fig. S6) at the pyrolysis 

temperature of 850 °C and 1,050 °C, respectively. The Brunauer-Emmet-Teller (BET) analysis 

exhibited a specific surface area of 912 m2 g-1 for the Fe/C950 catalyst and 714 m2 g-1 for Fe-D-

T950 (Fig. 2d). The high specific surface area observed in Fe/C950 could be attributed to the use 

of Ketjen black carbon as the dispersion media. The large specific surface area is preferred for 

the formation of single atom sites, and likely led to an increased density of active sites post-

pyrolysis [47]. The convergent evidence shows that the Fe/C950 catalyst is largely composed of 

Fe single atoms without nanoparticles. 

 

2.3  Catalytic performance 

ORR activities of the Fe/C electrocatalysts and the corresponding controls were evaluated 

in a 0.1-M HClO4 electrolyte using the RDE technique. Catalyst inks were prepared using a 

Nafion solution and deposited onto the surface of a glassy carbon electrode to achieve a loading 

amount of ca. 1.0 mg cm-2. Samples made at three different temperatures (850 °C, 950 °C, and 

1050 °C) were examined to determine their activities [16, 35, 48]. Fig. 3a shows the linear 

sweep voltammograms for all three non-PGM Fe/CT electrocatalysts.  Our results indicate there 

exists an optimal pyrolysis temperature of 950 °C, under which the Fe/C950 electrocatalyst had 

both the highest Eonset and the E1/2 among the non-PGM samples (Fig. 3b). The polarization 

curve data shows the Fe/C950 exhibited a high Eonset of 0.96 V and an E1/2 of 0.84 V (vs. RHE). 

Both values were higher than those measured for the reference Pt/C under the same RDE testing 

conditions using a graphite rod as the counter electrode. The Koutecky-Levich analysis was 

performed at the rotation rates between 400 rpm and 2500 rpm to analyse the charge transfer 
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of the reaction (Fig. 3c) [49]. The results show that the Fe/C950 electrocatalyst underwent a 

four-electron pathway in the ORR (Fig. 3d). 

 

Fig. 3. (a) Linear sweep voltammograms obtained at the rotation rate of 900 rpm, (b) the 

corresponding Eonset and E1/2, (c) Koutecky-Levich measurement and (d) analysis of the Fe/C950 

electrocatalyst. The Fe/C850 and Fe/C1050 are included for comparison. Test conditions were as 

the following: O2-saturated 0.1 M HClO4 solution; catalyst loading, 1 mg cm-2. 

Linear sweep voltammograms were performed using multiple control catalysts (Fig. S7) 

to understand the contributing structural factors of the high ORR activity of Fe/C950 catalyst. 

To examine the effect of dual ligands, we tested various MOF-derived controls obtained after 

the pyrolysis at 950 °C (i.e., Fe-D950, Fe-T950 and Fe-D-T950). The performances of Co-based 

electrocatalysts (i.e. Co/C950 and Co950 for the samples with and without immobilization on 

conductive carbon, respectively) were also examined. Our results indicate the Fe-D-T950 has a 
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better ORR activity than the other two controls, with a E1/2 of 0.77 V in 0.1M HClO4, but a 

worse activity than the Fe/C950 (Fig. 4a). Compared to dual ligated precursors, the controls 

obtained using only one ligand precursor showed almost no active towards ORR. By 

introducing dual ligands, the three-dimension structures were formed with highly dispersion of 

metal atoms[39, 50]. The distance between neighboring metal atoms could be tuned by the 

feeding ratio of different ligands [38]. The used of immobilizing carbon further improved the 

dispersion of metal atoms, resulting in even higher ORR activities, likely due to the Fe single 

atom species produced during the heating treatment. 

It is noteworthy that the dual-ligand and immobilization strategies are also effective for 

making the Co-containing non-PGM electrocatalysts, which exhibited a similar catalytic 

activity-processing condition trend. The half-wave potential of Co/C950 for ORR increased 

significantly by 100 mV in 0.1M HClO4 for the sample using the immobilization procedure 

(Fig. 4b). 
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Fig. 4. Linear sweep voltammograms of the control electrocatalysts tested using the RDE 

method: (a) Fe-T950, Fe-D950, Fe-D-T950 and Fe-D-T/C950 (or Fe/C950). (b) Co/C950 and Co950. 

Test conditions were as the following: O2-saturated 0.1 M HClO4 solution; catalyst loading, 1 

mg cm-2, rotation rate of 900 rpm. 

     

2.4  XAS and XPS characterizations 

The performance of non-PGM ORR electrocatalysts is often related to the local structures 

of the active sites. We thus examined the effects of the carbon structure, nitrogen binding, 
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catalyst porosity and morphology on the activity of these electrocatalysts. X-ray adsorption 

near-edge spectroscopy (XANES) was used to investigate the chemical environment of the Fe 

atoms by evaluating the oxidation states of each catalyst. Fe/C950 and Fe-D-T950 were 

investigated to elucidate the impact of the carbon dispersion on the formation of single atom 

Fe. Fig. 5a show the XANES of Fe K-edge region for both the Fe/C950 and Fe-D-T950 

electrocatalysts, and the corresponding Fe foil as the reference. The results indicate that the 

overall oxidation state of the Fe single atoms in both Fe-containing electrocatalysts exhibited 

a higher edge than that in the Fe foil. The extended X-ray absorption fine structure (EXAFS) 

spectroscopy shows the structural difference between the Fe/C950 and Fe-D-T950 

electrocatalysts (Fig. 5b). While the Fe-N bond with a length of 1.5 Å was detected for the 

corresponding first shells in both Fe-D-T950 and Fe/C950 electrocatalysts, the peak around 2.5 

Å, which is derived from iron cation, such as Fe2O3[35], was observed for the control of the 

Fe-D-T950 electrocatalyst, consistent with the XRD analysis. The XAS data thus help to 

confirm the single Fe atoms in Fe/C950 electrocatalyst, without the obvious formation of Fe 

nanoparticles. The EXAFS data indicate the presence of the Fe-N bonds in the Fe/C950 

electrocatalysts. 

 

Fig. 5. (a) XANES and (b) EXAFS of Fe K-edge for Fe/C950 and Fe-D-T950 electrocatalysts. 
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X-ray photoelectron spectroscopy was used to examine the surface structures of these two 

electrocatalysts in order to elucidate the binding structures of Fe (Fig. 6 and Table S2)[16, 51, 

52]. The XPS for the N 1s region shows both the Fe/C950 and Fe-D-T950 samples exhibit 

nitrogen peaks pertaining to the pyridinic and pyrrolic species. In addition, metal-N peaks were 

detected for both catalysts. Such nitrogen structures were attributed to the Fe atoms for the high 

activity observed in non-PGM electrocatalysts.[53] The presence of Fe-N peaks in both Fe/C950 

and Fe-D-T950 electrocatalysts is indicative that the single Fe atomic moieties are strongly 

coordinated by nitrogen atoms. 

 

Fig. 6. XPS spectra of N 1s regions for the (a) Fe/C950 and (b) Fe-D-T950 electrocatalysts, 

respectively. 

 

2.5 Raman characterizations 

Graphitic structures in carbon often contribute to the ORR activity in the non-PGM 

electrocatalysts [34, 35].We thus used Raman spectroscopy to investigate the defect ratio of 

the carbon structures in the optimal electrocatalyst (Fe/C950) and compare it with that of the 

control made without the use of carbon black (Fe-D-T950) (Table S3). Both the disorder-
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induced D-band and the G-band were observed for the carbon in the Raman spectroscopy. 

Using the peak area ratios between these two bands, the relative graphitic nature of the carbon 

matrix can be analyzed in these non-PGM electrocatalysts (Fig. 7) [54-57]. Our results indicate 

that D/G ratio is 2.81 for the Fe/C950 sample and 1.81 for the Fe950. A large D/G ratio is often 

an indicative of disordered graphitic structures, suggesting the Fe/C950 electrocatalysts possess 

a high degree of disordered graphitic structures because of the presence of large amount of 

single iron atomic structures. 

 

Fig. 7. Raman spectra for (a) Fe/C950 and (b) Fe-D-T950 depicting the D band and G band ratios. 
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3. Conclusion 

In summary, we developed a synthetic strategy of using dual-ligated MOF as the ADPs 

and conductive carbon dispersion as the immobilization media to generate atomically dispersed 

single Fe electrocatalysts for the ORR. The non-PGM electrocatalyst produced consists 

primarily single iron atom sites without nanoparticles and exhibits a high half-wave potential 

of 0.84 V vs. RHE. The approach developed in this study should be capable of producing 

catalysts with high single atom density and a useful design towards the preparation of high-

performance non-PGM electrocatalysts. 
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