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ABSTRACT: For the globalization of polymer electrolyte fuel 

cells, the development of non-precious-metal (NPM) catalysts for 

oxygen reduction is extremely important. To date, many NPM cat-

alysts have been synthesized by pyrolyzing Fe-, N-, and C-contain-

ing precursors, but they suffer from the density and uncertain chem-

ical structure of their active sites. This study reports a 14-mem-

bered macrocyclic Fe complex, which was inspired by FeN4 centers 

in the pyrolyzed catalysts, whereas typical macrocyclic MN4 com-

plexes have 16-membered rings. This 14-membered macrocycle 

has strong Fe-N bonding with an average bond distance of 1.90 Å, 

which has been evidenced by single-crystal X-ray diffraction, and 

is markedly shorter than that in porphyrin, 2.0 Å. Promising elec-

trocatalytic activities for oxygen reduction have been demonstrated 

in both of acidic and basic media. 

Catalysts for electrochemical oxygen reduction reaction (ORR) 

are important considering the involvement of ORR in polymer elec-

trolyte fuel cells. In particular, ORR over non-precious metal 

(NPM)-derived catalysts is essential for the commercialization of 

polymer electrolyte fuel cells.1 The development of NPM ORR cat-

alysts began with the discovery of the catalytic activity of Co(II) 

phthalocyanine for ORR by Jasinski in 1964.2 Chemists were in-

spired by the similarity of this macrocyclic compound to natural 

enzymes, and many macrocyclic compounds were subsequently 

studied as ORR catalysts.3 However, their catalytic activity and du-

rability were insufficient for use in the commercialization of fuel 

cell catalysts. In this context, since Jahnke et al. reported that the 

heat treatment of macrocyclic compounds can improve their ORR 

catalytic activity and durability,4 numerous attempts have been 

made to develop NPM cathode catalysts by pyrolyzing precursors 

containing transition metals (mainly Fe or Co) and nitrogen and 

carbon sources. Although several recent studies have reported 

promising fuel cell performances with such pyrolyzed Fe/N/C cath-

ode catalysts,5–9 their catalytic activities remain too low to replace 

Pt-based commercial cathode catalysts.  

To date, pyrolyzed Fe/N/C catalysts have been regarded as more 

active than typical macrocyclic MN4 complexes such as Fe porphy-

rin.4 However, the exact reason for this difference in catalytic ac-

tivity remained obscure because of the uncertain chemical structure 

of the pyrolyzed catalyst active sites. However, quite recently, sig-

nificant progress in the direct microscopic observation of atomi-

cally dispersed Fe sites has been achieved, and FeN4 sites embed-

ded in graphene sheets have been proposed.10–19 Interestingly, these 

Fe centers are thought to be surrounded by a 14-membered ring 

consisting of C and N atoms, whereas typical macrocyclic MN4 

complexes have 16-membered rings (e.g., porphyrin and phthalo-

cyanine). This has inspired our research group to focus on 14-mem-

bered macrocyclic Fe complexes as ORR catalysts. Understanding 

the difference between 14-membered and 16-membered ligands 

would result in a comprehensive understanding of pyrolyzed 

Fe/N/C catalysts and organic synthetic approaches for obtaining 

extremely active NPM cathode catalysts with high active site den-

sities. 

Scheme 1 shows the synthetic route of the 14-membered macro-

cyclic Fe complex prepared in the present study. A hexaaza macro-

cyclic ligand (H2HAM, 1) was prepared according to a literature 

method.20,21 Then, metalation of this ligand was performed by treat-

ing it with FeBr2 in N,N-dimethylformamide (DMF), and the re-

sulting bluish powder was collected by filtration (complex 2). Aim-

ing to obtain a pure complex, we attempted to recrystallize this fer-

rous complex in water, but the resulting crystalline precipitate was 

brownish, suggesting the existence of some amount of ferric com-

plex (3, [(H2O){Fe(H2HAM)}(-O){Fe(H2HAM)}(-

O){Fe(H2HAM)}(OH2)]Br6).  

 

 



 

Scheme 1. Synthetic route of 14-membered macrocyclic Fe 

complex 

 

 

 

Figure 1 XANES spectra of complexes 2 and 3 together with those 

of various references including Fe foil, FeO, Fe(C2O4), Fe phthal-

ocyanine (FePc), Fe3O4, FeTPPCl, α- and γ-Fe2O3, FeO(OH), and 

Fe2(C2O4). 

The Fe valence states and structures of complexes 2 and 3 were 

investigated using Fe K-edge X-ray absorption fine structure 

(XAFS) spectroscopy. Figure 1 shows the X-ray absorption near 

edge structure (XANES) spectra of complexes 2 and 3 together 

with those of various references including Fe foil, FeO, Fe(C2O4), 

Fe phthalocyanine (FePc), Fe3O4, 5,10,15,20-tetraphenyl-

21H,23H-porphyrin iron(III) chloride (FeTPPCl), α- and γ-Fe2O3, 

FeO(OH), and Fe2(C2O4). The absorption edge energies at a nor-

malized absorbance of 0.5 are plotted against the Fe formal valence 

in Figure 2. These results suggest that complexes 2 and 3 show ab-

sorption energy edges corresponding to Fe(II) and Fe(III) com-

pounds, respectively. Thus, the valence states of Fe in complexes 2 

and 3 were estimated to be 2+ and (approximately) 3+, respectively. 

Oxidation of the Fe species in the recrystallization procedure is 

probably caused by oxygen molecules dissolved in water. 

 

 

Figure 2 Relationship between Fe K-edge energy at 0.5 normalized 

absorption and Fe formal valence of the reference samples, where 

the energies of complexes 2 and 3 are superimposed. 

 

Figure 3 FT of Fe K edge EXAFS spectrum of complex 2 with the 

fitted line (red solid). 

 

Table 1 Structural parameters of complex 2 evaluated by 

curve fitting analysis. a 

Atom N b R c / Å σ2 d / Å2 R-factor 

N 4 1.89(2) 0.0030(10) 

0.0379 

O 2 2.09(11) 0.016(21) 

a FT range: 3–14 Å-1, curve fitting range: 1.0–2.0 Å. b Coordination 

number. c Atomic distance. d Debye–Waller factor. 

The detailed structure of complex 2 was studied by extended X-

ray adsorption fine structure (EXAFS), Fourier transform (FT) IR, 

and CHN elemental analyses. The structure was determined as a 

novel dicationic FeN4-type complex, [Fe(H2HAM)(DMF)2]Br2, 

with two DMF molecules coordinated to the Fe center as displayed 

in Scheme 1. The FT of the Fe K-edge EXAFS for complex 2 and 

its curve-fitting results, which are summarized in Figure 3 and Ta-

ble 1, respectively, suggest that the Fe atom is coordinated to four 
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N atoms at a distance of 1.89 Å and two O atoms at a distance of 

2.09 Å. In the FT-IR spectrum of complex 2 (Figure S1), strong 

absorptions due to C=O stretching in DMF and N-H bending in the 

ligand are present at 1677 and 1576 cm-1, respectively, the peak 

assignments of which were confirmed by density functional theory 

calculations (Figure S1). The results of the CHN elemental analysis 

of complex 2 also support the structure illustrated in Scheme 1. 

The detailed structure of complex 3 was determined by single-

crystal X-ray diffraction (XRD) analysis at −100 °C. As shown in 

Figure 4, complex 3 was afforded as a triiron complex with three 

linearly arrayed FeN4 units. The three FeN4 units are bridged by 

two oxo ligands, and the Fe centers at the terminal FeN4 units are 

coordinated by aqua ligands. The trinuclear complex 3 exists as a 

hexavalent cation with six bromide counter ions. These structural 

features suggest that the formal oxidation numbers of the Fe centers 

of complex 3 are (III, IV, III). Note that the average valence of Fe 

(3.3+) presumed from this crystal structure does not contradict the 

valence state shown in Figure 2 (approximately 3+). The FT-

EXAFS study (Figure S4) of complex 3 also supports the structure 

depicted in Figure 4. 

The average bond length between Fe centers and O atoms at 

bridging oxo ligands was evaluated to be 1.76 Å, which is similar 

to that of a previously reported analogous complex with an 

[FeTPP]2O framework.22 On the other hand, the average bond 

length between Fe and N atoms in the FeN4 moiety of complex 3 

was calculated to be 1.90 Å. This Fe-N bond length is considerably 

shorter than that of Fe porphyrin complexes, which has been re-

ported as approximately 2.0 Å.23 This result clearly shows that com-

plex 3 with a 14-membered macrocyclic ligand forms stronger Fe-

N bonds compared with those in FeN4-type complexes with 16-

membered rings. 

 

Figure 4. X-ray crystal structure of complex 3 (Fe: orange, C: gray, 

N: pale blue, O: red, H: pale gray): (a) side view of the complex 

with FeN4 units (the disordered unit of the 14-membered macrocy-

clic ligand at the center position, crystallization water, and bromide 

ions are omitted for clarity); (b) top view of the FeN4 unit at the 

terminal position of the triiron structure. 

The ORR electrocatalytic performance of complexes 2 and 3 was 

evaluated by rotating ring-disk electrode (RRDE) voltammetry in 

acidic and basic media, and the results are summarized in Figure 5. 

The as-prepared complex powders were mixed with a Nafion solu-

tion and carbon black (Ketjen Black EC600JD), which respectively 

served as proton and electron conductors, in a solution of ethanol 

and water (50/50 vol%), and the prepared ink was applied onto a 

glassy carbon disk electrode. Carbon black and FeTPPCl were also 

tested as a control and commercially available benchmark, respec-

tively. In 0.5 M H2SO4, pristine carbon black shows no catalytic 

activity above 0.2 V, while the commercial benchmark, FeTPPCl, 

shows some catalytic activity with an onset potential of 0.65 V. 

Complexes 2 and 3 show higher onset potentials at approximately 

0.75 V and extremely low selectivity toward H2O2, whereas 

FeTPPCl showed considerable H2O2 formation at 0.3–0.6 V. The 

current density in the diffusion-limited region (below 0.5 V) is bet-

ter with complex 2 than that with complex 3. This is probably be-

cause the dispersion of complex 3 in the catalyst ink was poor, and 

thus a uniform catalyst layer could not be fabricated. Such poor 

dispersion presumably arises from the relatively large crystallites 

of complex 3, as they were suitable for single-crystal XRD. In 0.1 

M KOH, the ORR catalytic activities of complexes 2 and 3 are ex-

cellent with an onset potential of approximately 0.95 V, and the 

current density reaches the diffusion-limited current with a small 

over potential. The complexes also show a clear advantage in cur-

rent density at 0.5–0.9 V against FeTPPCl. The selectivity toward 

H2O2 was extremely small with complexes 2 and 3. 

To the best of our knowledge, this is the first report demonstrat-

ing the advantage of an aromatic 14-membered macrocyclic Fe 

complex, which was inspired by an FeN4 moiety embedded in gra-

phene, against 16-membered macrocyclic Fe complexes in terms of 

ORR electrocatalytic activity. Although the exact reason for this 

enhanced catalytic activity with a 14-membered ring still requires 

clarification, the strong coordination of N atoms to the Fe center 

(1.90 Å with a 14-membered ring against 2.0 Å with a 16-membered 

ring) might affect the electronic structure of the Fe center and con-

tribute to enhancing the catalytic activity. Further studies will be 

performed to clarify the durability and reaction mechanism of the 

14-memberd macrocyclic Fe complexes, and to develop truly ac-

tive and stable Fe complexes by tuning the chemical structure of 

these 14-membered macrocyclic ligands. 

 

Figure 5. RRDE voltammograms of the Fe complexes in (a) 0.5 M 

H2SO4 and (b) 0.1 M KOH. Rotation: 1600 rpm. 
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