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ABSTRACT 

Iron- and nitrogen-doped carbon (Fe-N-C) materials are leading candidates to replace platinum in fuel cells, but 
their active site structures are poorly understood. A leading postulate is that iron active sites in this class of materials 
exist in an Fe-N4 pyridinic ligation environment. Yet, molecular Fe-based catalysts for the oxygen reduction reaction 
(ORR) generally feature pyrrolic coordination and pyridinic Fe-N4 catalysts are, to the best of our knowledge, non-
existent. We report the synthesis and characterization of a molecular pyridinic hexaazacyclophane macrocycle, 
(phen2N2)Fe, and compare its spectroscopic, electrochemical, and catalytic properties for oxygen reduction to a 
prototypical Fe-N-C material and iron octaethylporphyrin, (OEP)Fe, a prototypical pyrrolic iron macrocycle. N 1s 
XPS signatures for coordinated N atoms in (phen2N2)Fe are positively shifted relative to (OEP)Fe, and overlay with 
those of Fe-N-C. Likewise, spectroscopic XAS signatures of (phen2N2)Fe are distinct from those of (OEP)Fe, and are 
remarkably similar to those of Fe-N-C with compressed Fe–N bond lengths of 1.97 Å in (phen2N2)Fe that are similar 
to the average 1.94 Å length in Fe-N-C. Electrochemical data indicate that the iron center in (phen2N2)Fe is relatively 
electropositive, with an Fe(III)-OH/Fe(II)-OH2 potential at 0.59 V vs the reversible hydrogen electrode (RHE), ~300 
mV positive of (OEP)Fe. This correlates with a 300 mV positive shift in the onset of ORR catalysis for (phen2N2)Fe 
with a corresponding 1400-fold increase in TOF relative to (OEP)Fe. Consequently, the ORR onset for (phen2N2)Fe 
is within 150 mV of Fe-N-C. Unlike (OEP)Fe, (phen2N2)Fe displays excellent selectivity for 4-electron ORR with 
<4% maximum H2O2 production, comparable to Fe-N-C materials. This study establishes a pyridinic iron macrocycle 
that effectively models Fe-N-C active sites and provides a rich platform for constructing high-performance Fe-based 
oxygen reduction catalysts. 
 
 
MAIN 

 
The four-electron, four-proton reduction of molecular oxygen to water is the efficiency-limiting half reaction in low 

temperature fuel cells.1,2 Regardless of the fuel source used, the current density output is primarily limited by the slow 
electron transfer kinetics of the oxygen reduction reaction (ORR) taking place at the cathode.3 The sluggish kinetics 
involved in this half reaction necessitate high catalyst loadings at the cathode to generate practical current densities. 
The prototypical material for catalyzing this reaction in commercial fuel cells is platinum metal (Pt) supported on 
carbon. However, the high cost and scarcity of Pt impedes the large-scale deployment of fuel cell devices and 
motivates the development of Earth-abundant electrocatalysts for oxygen reduction. These catalysts must operate at 
low overpotentials4–6 and with high selectivity for the four-electron reduction of oxygen to water over the two-electron 
reduction process to generate hydrogen peroxide.7–10 Since early reports of oxygen reduction catalyzed by macrocyclic 
first-row transition metal complexes,11,12 there has been a global effort to develop selective and efficient ORR catalysts 
featuring base metal active sites.13  
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Pyrolyzed iron- and nitrogen-doped (Fe-N-C) materials are leading Earth-abundant alternatives to Pt-based ORR 
electrocatalysts,14 however significant increases in catalyst performance are needed to make these materials 
technologically viable. Systematic improvement of these materials is hampered by the limited molecular-level 
understanding or control of the iron active sites.15 Fe-N-C materials are typically prepared by the high temperature 
pyrolysis of finely dispersed iron salts16, porphyrins,17,18 or phthalocyanines19 along with a metal-organic framework 
(MOF)20,21 or carbon-based support.22–25 The uncontrolled nature of pyrolysis leads to a wide diversity of iron 
environments as well as extended solid iron phases in the resulting Fe-N-C materials.26,27 This poor control, combined 
with the wide variability in preparative procedures, has led to longstanding uncertainty about the local structure of the 
iron active sites responsible for ORR, thereby impeding systematic improvements to catalytic performance.28  

Numerous recent studies have provided significant insight into possible active site structures on Fe-N-C materials. 
While metallic iron has been postulated as an active site,29,30 mononuclear Fe-N4 active sites are more commonly 
invoked to explain correlations between X-ray absorption spectroscopy (XAS) or 57Fe Mössbauer spectroscopy with 
ORR activity.16,24,31–38 Despite the growing consensus that Fe-N4 sites are essential for ORR, the ligation environment 
of these iron sites remains uncertain.34,39 Indeed, even though iron porphyrin and phthalocyanine complexes can be 
used as precursors to Fe-N-C materials, there is growing appreciation that the core pyrrolic ligation environment of 
these precursors changes substantially upon pyrolysis.40–43 In particular, the first shell Fe–N bond lengths in Fe-N-C 
materials have been reported to be substantially shorter than the macrocyclic iron complex precursor used in the 
material synthesis.17 Furthermore, X-ray photoelectron spectroscopy (XPS) studies have pointed to the presence of 
metal-coordinated pyridinic nitrogen moieties as opposed to metal-bound pyrrolic nitrogens in Fe-N-C materials.44–48 
57Fe Mössbauer spectra of many iron porphyrin49–53 and phthalocyanine54–59 complexes differ dramatically from main 
57Fe Mössbauer doublets assigned to the putative Fe-N4 actives sites in Fe-N-C materials.60–62 In addition, atomic-
resolution TEM data indicates the presence of mono-dispersed iron atoms bound in within the plane of graphitic 
carbon63–67 suggesting that the ligating groups are 6-membered heterocycles rather than the 5-membered rings found 
in porphyrins and phthalocyanines. Based on these spectroscopic and imaging results, there is a growing body of 
evidence that the Fe-N4 sites in Fe-N-C materials are ligated by pyridinic moieties fused within graphitic sheets 
(Scheme 1a).  

Despite substantial evidence for pyridinic Fe-N4 sites in Fe-N-C materials, nearly all molecular Fe-based ORR 
catalysts are macrocyclic complexes that feature pyrrolic coordination environments (Scheme 1b). Studies on 
homogeneous and adsorbed pyrrolic Fe complexes have shed significant insight into the mechanistic aspects of ORR 
including structure-function correlations and scaling relationships.68–75 However, the pyrrolic coordination 
environment of these molecular complexes makes them ineffective models for Fe-N-C materials, complicating 
spectroscopic assignments, and structure-activity correlations. Indeed, adsorbed pyrrolic Fe macrocycles generally 
display inferior activity and selectivity for ORR relative to Fe-N-C materials.17 Clearly, systematic progress in the 
understanding of Fe-N-C active sites and the rational design of improved catalysts requires new Fe-N4 molecular 
complexes that can serve as high fidelity structural and functional mimics of Fe-N-C materials. 

Based on the aggregate spectroscopic evidence on Fe-N-C materials, we envisioned that a high fidelity model would 
feature: (a) a tetrapyridinic coordination environment, (b) relatively short Fe–N bond lengths,17 (c) an extended ligand 
π system41,42 capable of stabilizing the Fe(II) state76,77 and (d) a relatively high Fe(III)-OH/Fe(II)-OH2 redox potential. 
We envisioned that a model complex fulfilling each of these criteria would provide a firm basis for drawing molecular-
level insight into the behavior of Fe-N-C materials while simultaneously providing a new platform for the bottom up 
design of high-performance molecular ORR catalysts.  

Towards realizing the above goal, we searched the literature for pyridinic N4 macrocyclic ligands. Notably, the aza-
bridged bis-1,10-phenanthroline hexaazamacrocycle, (phen2N2)H2 (phen2N2 = 1,14:7,8-diethenotetrapyrido[2,1,6-
de:2’,1’,6’-gh:2”,1”,6”-kl:2”’,l”’,6”’-na][1,3,5,8,10,12]hexaazacyclotetradecine), as well as its cobalt(II), nickel(II) 
and copper(II) complexes have been reported78–83 and applied to DNA binding studies84 and carbon dioxide reduction 
catalysis.85–88 Despite this precedent, the synthesis and ORR activity of the corresponding (phen2N2)Fe fragment77 has, 
to the best of our knowledge, been unexplored. Herein, we report the synthesis and characterization of this pyridinic 
Fe-N4 macrocyclic fragment (Scheme 1c) and compare its 57Fe Mössbauer, XPS, and XAS features and ORR 
performance to those of prototypical Fe-N-C and octaethylporphyrin (OEP)Fe catalysts. Through these studies, we 
demonstrate that the iron coordination environment in [(phen2N2)Fe]2O closely resembles that of Fe-N-C materials 
and that (phen2N2)FeCl displays superior catalytic activity and selectivity relative to (OEP)FeCl, closely approaching 
the performance metrics of Fe-N-C materials. These studies establish (phen2N2)Fe complexes as high-fidelity 
structural and functional mimics of Fe-N4 active sites in Fe-N-C materials. 
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Scheme 1. Putative pyridinic Fe-N4 active site in Fe-N-C materials (a). Molecular structures of (OEP)Fe (b) and (phen2N2)Fe (c) 
model compounds. 

 

	  
RESULTS AND DISCUSSION 

Synthesis and Initial Characterization of Fe-N-C, Fe-porphyrin and (phen2N2)Fe Complexes. A prototypical 
Fe-N-C material was synthesized by a combination of literature methods.20,89 Briefly, Fe-N-C was prepared by 
pyrolysis of a mixture of iron(II) acetate, 1,10-phenanthroline and ZIF-8 metal organic framework under a reducing 
atmosphere (5% H2 in Ar). After pyrolysis, the sample was washed with 0.1 M H2SO4 to remove trace Fe(0). The 57Fe 
Mössbauer spectrum of this material (Figure 1, top) displays two quadrupole doublets. The narrow doublet, commonly 
referred to as the D1 doublet,90 displays an isomer shift (δ) of 0.46 mm s−1 and a quadrupole splitting (|ΔEQ|) of 1.08 
mm s−1 and the wide doublet, commonly referred to as the D2 doublet,90 is characterized by δ = 0.37 mm s−1 and |ΔEQ| 
= 3.06 mm s−1. These parameters are in line with previously reported Fe-N-C materials (see Table S1 for a comparison 
of 57Fe Mössbauer parameters). These features were recently postulated to arise from Fe-N4 sites existing in high-spin 
Fe(III) and low-spin Fe(II) states, respectively,90 although other assignments have been made previously, including 
D1 as a low spin Fe(II) site and D2 as an intermediate spin Fe(II) site.16,17,60  

The bis-phenanthroline macrocycle, (phen2N2)H2, was prepared by a modified literature procedure.80 In brief, the 
macrocyclization was achieved by exposure of 2,9-dichlorophenanthroline to anhydrous ammonia in a Parr reactor 
held at 280 °C for 24 hours and then ramped to 300 °C for 12 hours (Scheme 2). Metalation with iron was achieved 
by treating (phen2N2)H2 with anhydrous FeCl3 in DMF or HMPA in the presence of excess tributylamine under an N2  

 
Scheme 2. Synthetic route to (phen2N2)H2, (phen2N2)FeCl and [(phen2N2)Fe]2O from 2,9-dichloro-1,10-phenanthroline. 
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atmosphere. To remove unreacted FeCl3 and other reaction byproducts, the crude reaction mixture was then washed 
with copious amounts of diethyl ether and dichloromethane. Due to the extremely low solubility of the (phen2N2)FeCl 
complex, we found that residual Fe2Cl6•(DMF)3 (~16%) remained in the sample despite exhaustive washing with 
anhydrous solvents (see SI for details).91 HR-MS analysis of the material reveals a prominent peak at 440.1061 and a 
smaller peak at 475.1023 m/z, in line with the expected masses of [(phen2N2)Fe]+ (440.0473 m/z) and [(phen2N2)FeCl]+ 
(475.0161 m/z), respectively. UV-Vis data also support formation of the metalated complex with a bathochromic shift 
of the ligand π → π* transitions and the appearance of shoulders on the main π → π* peak. Additionally, the ligand 
peaks at 360 at 376 nm broaden and increase substantially in intensity relative to the main π → π* peak upon 
metalation. A new peak appears at 429 nm, while the broad, low-intensity ligand peaks at 439 and 467 nm vanish 
(Figure S1). The resulting spectrum upon metalation is similar to spectra of tetraaza[14]annulene iron(III) chloride 
complexes in DMSO.92  

The 57Fe Mössbauer spectrum of (phen2N2)FeCl (Figure 1, middle) reveals a major quadrupole doublet assigned to 
(phen2N2)FeCl and a minor doublet assigned to residual Fe2Cl6•(DMF)3.93,94 The major quadrupole doublet for 
(phen2N2)FeCl is described by δ = 0.39 mm s−1 and |ΔEQ| = 3.06 mm s−1. These parameters are dramatically different 
from those of (OEP)FeCl, which displays an δ of 0.30 mm s−1 and a |ΔEQ| of 0.60 mm s−1 (Figure S2). The particularly 
large |ΔEQ| observed for (phen2N2)FeCl suggests that the iron center exists in an S = 3/2 intermediate spin state or an  

Figure 1. Zero-field 57Fe Mössbauer spectra of Fe-N-C: [D1: (δ = 0.46 mm s−1, |ΔEQ| = 1.08 mm s−1), D2: (δ = 0.37 mm s−1, |ΔEQ| 
= 3.06 mm s−1), top], (phen2N2)FeCl: [(δ = 0.39 mm s−1, |ΔEQ| = 3.06 mm s−1), middle] and [(phen2N2)Fe]2O: [(δ = 0.45 mm s−1, 
|ΔEQ| = 0.87 mm s−1), bottom] recorded at 90 K. The spectrum of (phen2N2)FeCl was fit to two quadrupole doublets assigned to 
(phen2N2)FeCl (blue) and a residual Fe2Cl6•(DMF)3 impurity [(δ = 0.39 mm s−1, |ΔEQ| = 1.27 mm s−1), yellow]. 
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S = 3/2, 5/2 admixture spin state as has been observed for other iron(III) N4 macrocycles complexes (Table S2).49,92,95–

106 This assignment is consistent with our calculations on (phen2N2)FeCl which predict an intermediate-spin ground 
state (see SI for details). This electronic structure is consistent with a compressed N4-binding pocket (see below) that 
stabilizes the S = 3/2 spin state. Although the 57Fe Mössbauer parameters for (phen2N2)FeCl are similar to those of the 
D2 doublet in Fe-N-C, we caution against over-interpreting this similarity because 57Fe Mössbauer spectra are highly 
sensitive to axial ligation (see below) and the axial Cl in (phen2N2)FeCl is distinct from the putative OHx ligand present 
in Fe-N-C materials. 

To better mimic the axial O-ligation present in the material, we Soxhleted the (phen2N2)FeCl sample with ethanol. 
This served to remove some residual iron salts and generate the µ-oxo [(phen2N2)Fe]2O via reaction with adventitious 
water and base (see below for XPS and XAS characterization). Similar conversions are well-documented for sterically 
unprotected porphyrin complexes.107 While this species is catalytically inactive in acidic electrolyte (Figure S3a),108,109 
it provides a good spectroscopic model for Fe-N-C materials and the analogous [(OEP)Fe]2O was synthesized by a 
literature method107 for comparison.  

The 57Fe Mössbauer spectrum of the [(phen2N2)Fe]2O complex is a doublet (Figure 1, bottom), described by δ = 
0.45 mm s−1 and |ΔEQ| = 0.87 mm s−1. Our sample of [(OEP)Fe]2O displays 57Fe Mössbauer parameters of δ = 0.41 
mm s−1 and |ΔEQ| = 0.67 mm s−1 (Figure S4). Notably, the 57Fe Mössbauer parameters for both [(OEP)Fe]2O and 
[(phen2N2)Fe]2O as well as other µ-oxo compounds101,110 are within the range of values reported for the D1 doublet in 
Fe-N-C materials. The vast differences in the 57Fe Mössbauer spectra of (phen2N2)Fe and (OEP)Fe upon exchange of 
the axial ligand suggest that 57Fe Mössbauer spectroscopy alone may be insufficient to distinguish pyrrolic from 
pyridinic ligation at putative Fe-N4 sites in Fe-N-C materials. 

 
XPS of [(phen2N2)Fe]2O Reveals Nitrogen and Iron Environments Similar to Fe-N-C. The nitrogen 

environments present in Fe-N-C, [(phen2N2)Fe]2O, (phen2N2)H2 and [(OEP)Fe]2O were analyzed by X-ray 
photoelectron spectroscopy (XPS) (see Figures S5–S6 for XPS survey spectra of all compounds and Table S3 for N:Fe 
ratios of all samples). For Fe-N-C, we observed a broad N 1s XPS signal similar to that reported for other Fe-N-C 
materials (Figure 2a, top). The N peak envelope for Fe-N-C spans from 396 to 407 eV and can be deconvoluted into 
four peaks, previously assigned to oxidized (404.0 eV), graphitic/pyrrolic (401.3 eV), metal-coordinated (399.9 eV) 
and pyridinic nitrogen (398.3 eV).111,112 Percent nitrogen content is broken down by component in Table S4. We note 
that since this sample was prepared by pyrolysis of a zinc imidazolate MOF, ZIF-8, we expect the metal-coordinated 
N peak to result from both iron and zinc coordination. In agreement with our expectations, literature reports44,45 suggest 
that the binding energy of the coordinated N peak is largely insensitive to metal identity.  

The very broad peak envelope for Fe-N-C contrasts with the well-defined nitrogen environments in [(OEP)Fe]2O 
and [(phen2N2)Fe]2O. For [(phen2N2)Fe]2O, high resolution N 1s spectra (Figure 2a, middle) reveal a single broad 
peak centered at 399.3 eV that can be deconvoluted into two components centered at 398.3 and 399.6 eV with a peak 
integration ratio of 1:2. Based on the integration ratio and the symmetry of the (phen2N2)Fe subunits in 
[(phen2N2)Fe]2O, we assign the 398.3 peak to the to the bridgehead nitrogens and the 399.6 peak to the coordinated 
pyridine nitrogens. In comparison, the N 1s XPS spectrum (Figure S7) of (phen2N2)H2 is dominated by two peaks 
corresponding to bridging and pyridinic nitrogen atoms at 397.9 and 399.4 eV, respectively in a 1:2 ratio. This 
indicates that both bridging and pyridinic nitrogen atoms shift to higher binding energies upon metalation with iron. 
Similar changes in the N 1s spectrum have been reported for free-base porphyrins upon metalation.113 In contrast, the 
XPS N 1s spectrum of [(OEP)Fe]2O differs markedly from that of [(phen2N2)Fe]2O and consists of a sharp peak at 
397.6 eV with a broad satellite peak centered at 400.0 eV114,115 (Figure 2a, bottom). N 1s peaks for (phen2N2)FeCl and 
(OEP)FeCl (Figure S8) appear within 0.3–0.4 eV of the corresponding peaks for the µ-oxo compounds, indicating that 
the identity of the axial ligand does not impact the N 1s binding energy to the same extent as does changing the nature 
of the metal-coordinated nitrogen atoms from pyrrolic to pyridinic. Importantly, the N 1s peak for the coordinated 
pyridine nitrogens in (phen2N2)Fe-X complexes matches well with the peak corresponding to the metal-coordinated 
pyridinic nitrogen component (399.9 eV) of Fe-N-C, whereas the N 1s peak of coordinated pyrrolic nitrogens in 
(OEP)Fe-X complexes appear at significantly lower binding energies. Together, the XPS data indicate that the iron-
coordinated N environment in [(phen2N2)Fe] species are electronically very similar to the metal-coordinated N 
environments in Fe-N-C materials. 



 6 

Figure 2. High resolution N 1s (a) and Fe 2p (b) XPS spectra of Fe-N-C (top), [(phen2N2)Fe]2O (middle), and 
[(OEP)Fe]2O (bottom). 

The iron environments present in Fe-N-C, [(phen2N2)Fe]2O and [(OEP)Fe]2O were also examined by XPS. 
Consistent with previously reported data of Fe-N-C materials,116 we observe Fe 2p3/2 peaks at 709.8 and 713.5 eV 
(Figure 2b, top) assigned to Fe(II) and Fe(III) formal oxidation states, respectively (Table S5).111 In contrast, 
[(OEP)Fe]2O (Figure 2b, bottom) displays Fe 2p3/2 and Fe 2p1/2 peaks at 709.3 and 723.3 eV, respectively. As reported 
in the literature for iron porphyrin and phthalocyanine samples, we also observe tailing shoulders on the main Fe 2p3/2 
peak as well as a broad satellite feature that are thought to arise from core-hole interactions with the open-shell 
electronic structure high-spin ferric centers of [(OEP)Fe]2O.117,118 Similar features are observed for (OEP)FeCl, albeit 
with a ~0.7–0.9 eV shift to higher binding energy (Figure S9). These XPS features are distinct from those observed 
for [(phen2N2)Fe]2O (Figure 2b, middle) which displays Fe 2p3/2 and 2p1/2 peaks at 710.8 and 724.3 eV. We note that 
(phen2N2)FeCl shows Fe 2p3/2 and 2p1/2 peaks at similar binding energies, 710.8 and 724.7 eV, respectively (Figure 
S10), and that residual FeCl3 salts are likely to be subsumed into these peaks.119 As with [(OEP)Fe]2O, we also observe 
a higher binding energy satellite on the main Fe 2p3/2 peak of [(phen2N2)Fe]2O that we also attribute to core-hole 
interactions with an open-shell ferric center. There is some asymmetry to the Fe 2p1/2 peak which likely originates 
from the same effect. Importantly, we observe a ~1.5 eV shift to higher binding energy for the main Fe 2p3/2 peak for 
[(phen2N2)Fe]2O relative to that in [(OEP)Fe]2O. This observation is consistent with increased π-acidity of the 
pyridinic macrocycle in [(phen2N2)Fe]2O, which withdraws electron density from the iron center. Notably, the peak 
in Fe-N-C previously assigned to Fe(III) is 2.7 eV positive of the corresponding Fe(III) peak for [(phen2N2)Fe]2O but 
even more positive than the same peak in [(OEP)Fe]2O. These data suggest that while the Fe(III) centers in Fe-N-C 
may exist in an even more withdrawing ligation environment, a pyridinic macrocycle complex such as 
[(phen2N2)Fe]2O provides a better structural model for Fe-N-C than a porphyrin complex such as [(OEP)Fe]2O. 
Indeed, the strongly electron withdrawing environment in the material helps to explain the positive shift of the putative 
Fe(II) component of Fe-N-C, which makes it appear close in energy to the main Fe 2p3/2 peaks for both of the Fe(III) 
complexes examined here. Taken as a whole, the XPS data are consistent with nitrogen and iron environments in 
[(phen2N2)Fe]2O that are more electropositive than a typical metalloporphyrin and more similar to the metal-Nx sites 
in Fe-N-C. 
 
XAS Results Demonstrate A Strong Resemblance Between Fe-N-C and [(phen2N2)Fe]2O. We next examined the 
electronic structure and coordination environment of the iron centers in Fe-N-C, [(phen2N2)Fe]2O, and [(OEP)Fe]2O 
by X-ray absorption spectroscopy (XAS). The XANES spectrum of our Fe-N-C preparation (Figure 3a, black) matches 
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those reported in the literature.33 While a rigorous analysis of the X-ray absorption near edge structure (XANES) 
spectra for Fe-N-C materials is challenging due to the presumed presence of a mixture of Fe(II) and Fe(III) (Table S5) 
as well as an unknown degree of heterogeneity in the local coordination environment of each  

Figure 3. X-ray absorption spectroscopy data for Fe-N-C (black), [(phen2N2)Fe]2O (blue), and [(OEP)Fe]2O (orange). XANES 
spectra (a) and expanded main-edge region (inset), k2-weighted Fe k-edge EXAFS spectra (b) and k2-weighted Fourier transform 
Fe EXAFS spectra (c). The energy values of the vertical lines and the alphabetical labels in (a) are taken from reference 33. 
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iron, the XANES line shapes have been exhaustively examined for a wide variety of pyrolyzed Fe-N-C catalysts and 
features of the XANES have been correlated to ORR activity.33,34,120 In particular, the intensity of the first main edge 
peak, C, has been found to positively correlate with ORR activity, whereas the intensities of the main edge shoulder, 
B, and the higher energy main edge peak, D, have been shown to anticorrelate with ORR activity (Figures 3a, dotted 
vertical lines). Notably, whereas the XANES spectra of [(OEP)Fe]2O (Figure 3a, orange) shows enhanced intensity 
for B and D, the XANES spectra of [(phen2N2)Fe]2O (Figure 3a, blue) shows a higher intensity for C, and lower 
intensities for B and D. The intensity of pre-edge peak, A, has also been shown to positively correlate with ORR 
activity.33 We find that the pre-edge peak line shape for [(phen2N2)Fe]2O matches closely with that of Fe-N-C, but 
that the peak intensity for both is lower than that for [(OEP)Fe]2O (Figure S11). Given the high sensitivity of the pre- 
edge peak to the identity of the axial ligand in similar porphyrinoid complexes121 as well as distortions in the Fe-N4 
plane made possible by variation of the Fe-O-Fe angle in [(OEP)Fe]2O,107,122 we refrain from over-interpreting the 
pre-edge peak shapes or intensity.123 Nonetheless, the suppressed intensity at B and D and increased intensity at C for 
[(phen2N2)Fe]2O suggests that the (phen2N2)Fe molecular analogue is a superior model for the active sites in Fe-N-C 
materials relative to (OEP)Fe. 

Extended X-ray absorption fine structure (EXAFS) data provide further evidence in support of the structural 
similarity between the iron coordination environments in [(phen2N2)Fe]2O and Fe-N-C. The k2-weighted EXAFS 
oscillations for Fe-N-C (Figure 3b, black) exhibit remarkably similar amplitudes and periods to the EXAFS of 
[(phen2N2)Fe]2O (Figure 3b, blue) out to ~10.0 Å−1 with only a small phase shift beyond ~6.0 Å−1. In contrast, the 
k2-weighted EXAFS for [(OEP)Fe]2O (Figure 3b, orange) displays amplitudes and periods that differ dramatically 
from the EXAFS of [(phen2N2)Fe]2O and Fe-N-C beyond ~4.0 Å−1.  

The striking similarity between Fe-N-C and [(phen2N2)Fe]2O is also reflected in the k2-weighted Fourier transform 
EXAFS radial distribution spectra (Figure 3c). In particular, the [(phen2N2)Fe]2O complex displays a primary 
coordination shell scattering peak at 1.36 Å apparent distance, similar to the first shell peak for Fe-N-C at 1.46 Å 
apparent distance. In contrast, the first shell scattering peak for [(OEP)Fe]2O appears at 1.62 Å apparent distance. 
The first shell EXAFS peaks for all three materials are well modeled with a five-coordinate Fe center bearing four 
equatorial Fe-N scatterers and one axial Fe-O scatterer (Table S6). The fits (Figure S12) from modeling the data return 
Fe-N scattering paths of 1.94, 1.97, and 2.06 Å for Fe-N-C, [(phen2N2)Fe]2O, and [(OEP)Fe]2O, respectively. The 
2.06 Å value for [(OEP)Fe]2O is in line with crystal structure data showing an average Fe–N bond distance of 2.08 
Å.107 For [(phen2N2)Fe]2O, the 1.97 Å distance extracted from EXAFS modeling (Table S6 and Figure S12) is 
substantially higher than the 1.86 Å distance predicted from calculation if the Fe were to reside in the N4 plane for 
the phen2N2 ligand (Figure S13). Instead, the EXAFS data suggest that the Fe sites are puckered out of the Fe-N4 plane 
and that a similar phenomenon may exist for Fe sites in Fe-N-C materials. Indeed, a computational XAS study showed 
an enhancement of the main edge peak C as the displacement of Fe from the N4 plane was increased.33 Consistent with 
the Fe-N-C material having a putative OHx axial ligand, the EXAFS fits return a Fe-O scattering path of 2.04 Å, 
slightly larger than the Fe-O scattering path of 1.79 Å extracted for both molecular µ-oxo complexes. For 
[(OEP)Fe]2O, we also observe higher shell scatter peaks that could arise from a long-range Fe-Fe scattering pathway 
across the µ-oxo linkage. These so-called focusing effect peaks are highly sensitive the Fe-O-Fe angle and so 
deviations from 180° could contribute to the attenuation of this peak for [(phen2N2)Fe]2O. In aggregate, the EXAFS 
data highlight the compressed primary coordination environment observed for both Fe-N-C and [(phen2N2)Fe]2O 
relative to [(OEP)Fe]2O, further bolstering the notion that [(phen2N2)Fe]2O closely models the active sites in F-N-C 
materials.  

 
(Phen2N2)Fe Displays an Fe(III/II) Redox Potential Higher than (OEP)Fe and More Similar to Fe-N-C. Both 

model compounds and the Fe-N-C material were evaluated electrochemically as thin films supported on glassy carbon 
electrodes. In a typical preparation, Fe-N-C powders were dispersed in a 7:2:1 combination of CH2Cl2, ethanol, and 5 
wt% Nafion solution (75 wt% ethanol and 20 wt% water), respectively. The resulting inks were dropcast onto a glassy 
carbon disk electrode and allowed to dry in air to generate a well-adhered catalyst film. A similar procedure was used 
for (phen2N2)FeCl and (OEP)FeCl with inclusion of Vulcan carbon powder to enhance film conductivity (see the 
Supporting Information for details of film preparation and characterization, Table S7). We expect that any residual 
FeCl3 salts present in the (phen2N2)FeCl sample will readily dissolve into the acidic electrolyte and will, therefore, not 
impact the electrochemical results. In line with this expectation, we find that FeCl3/Vulcan inks are inactive for ORR 
(Figure S14). 
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Cyclic voltammograms of Fe-N-C, (phen2N2)FeCl, and (OEP)FeCl recorded in the absence of O2 provide insight 

into the redox potential of the metal center. For (OEP)Fe (Figure 4, orange), we observe a broad redox feature with 
E1/2 = 0.27 V (all potentials are reported vs the reversible hydrogen electrode, RHE), similar to reported values for 
carbon-supported iron porphyrin complexes.108,124 For (phen2N2)Fe (Figure 4, blue), we observe a reversible redox 
wave at 0.59 V. Based on the known Nernstian pH dependence of Fe(III/II) couples for adsorbed porphyrin 
complexes125 as well as the quasi-Nernstian behavior of the redox wave for (phen2N2)Fe (Figure S15), we assign these 
redox processes to the one-electron, one-proton reduction of Fe(III)-OH to Fe(II)-OH2. For Fe-N-C (Figure 4, black), 

Figure 4. Cyclic voltammograms of rotating glassy carbon disk electrodes modified with catalyst films containing Fe-N-C (black), 
(phen2N2)FeCl (blue), and (OEP)FeCl (orange). Data were recorded at 5 mV s−1 and 2000 rpm rotation rate in O2-free 0.1 M HClO4 
electrolyte. 

 
we observe a large double layer capacitance, consistent with the high surface area of the material, and a pronounced 
redox wave at 0.63 V (Figure 4). Other literature reports have observed waves for Fe-N-C materials at ~0.8 V,126,127 
in line with the onset of ORR catalysis at Fe-N-C materials (see below) and so we attribute the wave we observe at 
0.63 V to proton-coupled electron transfer (PCET) reactions of quinone and hydroxyl moieties on the Fe-N-C 
surface.128 We postulate that the actual Fe(III)-OH/Fe(II)-OH2 redox process for Fe-N-C is obscured by the large 
double layer charging background in this high surface area material and the likely distribution of iron redox potentials 
in the heterogeneous material. We also note that some Fe redox centers may not engage in PCET reactivity and would, 
therefore, not be expected to display a redox wave.129 Nonetheless, the 0.32 V positive shift of the Fe redox couple 
for (phen2N2)Fe vs (OEP)Fe is consistent with the more electron withdrawing character of the pyridinic primary 
ligation sphere, which brings this model complex much closer in electronic character to the electropositive iron 
environments in Fe-N-C materials. 

The observed Fe(III/II) redox waves result from only a fraction of the catalyst loaded into the dropcast film. The 
integrated charge in the Fe(III/II) redox waves of the (phen2N2)FeCl catalyst film corresponds to 7% of the total 
catalyst loading (Table S7). This contrasts with the (OEP)FeCl film, for which the Fe(III/II) wave integration 
corresponds to 43% of the total catalyst loading. We attribute this difference to the improved solubility of the porphyrin 
catalyst leading to better dispersion within the film. Nonetheless, these PCET redox potentials provide a good 
indication that the iron centers in (phen2N2)Fe are more electropositive than those in (OEP)Fe.  

 
(Phen2N2)FeCl Catalyzes ORR at Lower Overpotentials and with Higher TOF Values than (OEP)FeCl. 

(Phen2N2)FeCl is a potent catalyst for the oxygen reduction reaction. In O2-saturated 0.1 M HClO4, the reversible 
surface redox wave at 0.59 V (Figure 5, black) is replaced by a large catalytic wave that displays an onset potential of 
0.75 V (all onset potentials correspond to a current density of 0.1 mA cm−2 and all electrochemical performance 
parameters are collected in Table S8) and reaches a current plateau at ~0.5 V (Figure 5, red). This catalytic wave spans 
the same potential range as the reversible redox feature in the absence of O2 suggesting that ORR catalysis is mediated 
by the Fe(III/II) redox process (Figure 5, inset). Catalytic activity is improved in basic media with an onset of 0.88 V 
in 0.1 M KOH (Figure S14a). The catalytic activity of (phen2N2)FeCl (Figure 6, blue) is significantly greater than that  
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Figure 5. Cyclic voltammograms of a rotating glassy carbon disk electrode modified with a catalyst film containing (phen2N2)FeCl 
in N2- (black) and O2- (red) saturated 0.1 M HClO4 aqueous electrolyte. Data were recorded at 5 mV s−1 and 2000 rpm rotation 
rate. 

 
of (OEP)FeCl (Figure 6, orange), which displays onset potentials of 0.45 and 0.74 V in HClO4 and KOH, respectively. 
Additionally, the unmetalated (phen2N2)H2 ligand has activity comparable to the carbon background (Figure 6, green) 
in acidic media with an onset potential of 0.34 V (Figure 6, red) and activity slightly higher than background in alkaline 
media with an onset potential of 0.75 V (Figures S16a and S17). Notably, the 0.3 V increase in ORR onset potential 
for (phen2N2)FeCl relative to (OEP)FeCl in acid is comparable to the 0.32 V positive shift in the Fe(III/II) redox 
potential. For homogeneous molecular iron porphyrins, TOF values typically track inversely with the Fe(III/II) redox 
potential. Yet, for (phen2N2)FeCl, the dramatic increase in Fe(III/II) potential does not seem to lead to a correlated 
decrease in ORR rate72 suggesting that (phen2N2)FeCl does not follow the same linear free-energy correlations 
observed for molecular porphyrin catalysts. The catalytic enhancement is also reflected in significantly  

 

Figure 6. Linear sweep voltammograms of glassy carbon disk electrodes modified with catalyst films containing Fe-N-C (black), 
(phen2N2)FeCl (blue), (OEP)FeCl (orange), Vulcan carbon (green), and (phen2N2)H2 (red) in O2-saturated 0.1 M HClO4 electrolyte. 
Data were recorded at 5 mV s−1 and 2000 rpm rotation rate. 

	  
increased per-site turnover frequencies (TOFs). TOF values in electron passed per site per second were extracted as a 
function of potential by dividing the current density by the integrated charge passed in the Fe(III/II) redox feature 
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(Figures 7a and S16b). Remarkably, (phen2N2)FeCl displays a dramatically enhanced TOF that is 1400-fold higher 
than that of (OEP)FeCl in the activation-controlled region at 0.55 V in 0.1 M HClO4 and 230-fold higher in the same 
region at 0.80 V in 0.1 M NaOH (Table S9). These observations establish that changing the primary coordination 
environment from pyrrolic to pyridinic leads to a dramatic enhancement in catalytic activity for ORR.   

Although the catalytic performance of (phen2N2)FeCl is superior to (OEP)FeCl, it remains at a deficit to Fe-N-C. 
While the Fe(III/II) redox potential is difficult to discern for Fe-N-C, the positive shift of the Fe(III) peak in the XPS 
suggest that the iron centers in Fe-N-C are even more electropositive than the those in (phen2N2)FeCl and this may 
contribute to the higher onset potential of 0.90 V for the Fe-N-C catalyst (Figure 6, black).17 Furthermore, unlike in 
(phen2N2)FeCl, the iron centers in Fe-N-C interact strongly with the delocalized band states of the N-doped graphitic 
carbon matrix and, indeed, a recent study on cobalt porphyrins indicates that strong electron coupling to graphite can 
dramatically increase ORR activity relative to a porphyrin of identical local structure with weak coupling to the 
surface.130 Studies are ongoing to synthesize (phen2N2)FeCl analogs that can be conjugated to graphitic carbon 
electrodes to directly examine the role of electronic coupling on ORR activity. Notwithstanding, the fact that a discrete 
molecular complex such as (phen2N2)FeCl displays an ORR onset within 150 mV of champion Fe-N-C materials 
suggests enormous opportunities for rational molecular design of highly active Fe-based ORR catalysts based upon 
pyridinic macrocyclic complexes.  

 

Figure 7. Log(TOF) for ORR vs potential (a) for (phen2N2)FeCl (blue) and (OEP)FeCl (orange). %H2O2 vs potential (b) for 
(phen2N2)FeCl (blue), (OEP)FeCl (orange) and Fe-N-C (black). All data were recorded in O2-saturated 0.1 M HClO4 electrolyte at 
5 mV s−1 and 2000 rpm rotation rate. 
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Furthermore, (phen2N2)FeCl displays high selectivity for the four-electron reduction of O2 that is comparable to Fe-
N-C and greater than that of (OEP)FeCl. Using rotating ring disk electrode (RRDE) voltammetry (Figures S18 and 
S19) we determined the percent H2O2 produced as a function of applied potential for all three catalysts (Figure 7b and 
S18). For (phen2N2)FeCl, H2O2 production stabilizes rapidly, reaching values of <1% and 3% in acid and alkaline 
media at 0.40 V vs RHE, respectively (Figures 7b and S20, blue).These values correspond to 3.99 and 3.95 electrons 
transferred in each condition, respectively, (Figure S21). Indeed, in both acidic and alkaline media, the selectivity of 
(phen2N2)FeCl in the transport-limited region surpasses that of Fe-N-C at the same potential (1% and 5% H2O2 in 0.1 
M HClO4 and 0.1 M NaOH, respectively, at 0.40 V). Further, in stark contrast to (phen2N2)FeCl, (OEP)FeCl displays 
significantly lower selectivity with 26% and 4% H2O2 in acidic and alkaline media, respectively, at the same potential 
of 0.40 V (Figures 7b and S20, orange). Notably, for all catalysts examined, the hydrogen peroxide percentages 
increase in alkaline media and this may result from the action of less-selective non-metallic active sites capable of 
ORR in alkaline media.131–134 Indeed, for the metal-free (phen2N2)H2 ligand supported on carbon, we observed 
significantly higher levels of H2O2 in alkaline media (17% at 0.40 V and a maximum of 26%, Figure S22b). Overall, 
these results highlight the ability of this tetrapyridinic Fe-N4 coordination environment to facilitate selective O2-
reduction pathways in both acidic and alkaline media. The similar trends in selectivity between this complex and Fe-
N-C further support the notion that the (phen2N2)Fe motif is an effective functional model of Fe-N-C catalysts. 

Whereas Fe-N-C materials are relatively stable, we observe limited stability of the (phen2N2)FeCl catalyst with 
activity decaying in acidic media over the course of several slow scan cyclic voltammograms (15–20 min). A similar 
deactivation is also observed for (OEP)FeCl and is well-documented in the literature.135–137 These observations 
highlight the important role of the carbon framework in increasing the relative stability of Fe-N4 sites in Fe-N-C 
materials against oxidative and protolytic decomposition induced by the acidic conditions and the presence of parasitic 
amounts of H2O2.138 Indeed, we posit that extending the aromatic periphery around the (phen2N2)FeCl active site could 
enhance stability and provide a path towards the bottom-up synthesis of robust Fe-based ORR catalysts.  

 

CONCLUSIONS 
The results reported herein provide a molecular perspective on the structure and oxygen reduction reactivity of Fe-

N4 active sites in Fe-N-C materials. We have demonstrated that (phen2N2)Fe fragments are superior molecular models 
of the putative Fe-N4 active sites in Fe-N-C materials than the exhaustively studied iron porphyrin complexes. The 
pyridinic ligation environment in (phen2N2)Fe leads to XPS and XAS signatures that are remarkably similar to those 
of Fe-N-C materials. Furthermore, pyridinic ligation leads to a more electropositive metal center that shifts the onset 
potential of ORR catalysis to 300 mV lower overpotential and leads to TOF values 1400-fold higher than that of 
(OEP)Fe. The (phen2N2)Fe platform displays this rate enhancement while also dramatically improving selectivity for 
four-electron oxygen reduction to near 100%. Considering both activity and selectivity, (phen2N2)Fe is, to the best of 
our knowledge, the highest performing molecular Fe-based ORR catalyst ever reported in acidic media and its 
performance closely approaches that of champion Fe-N-C materials that have been optimized over many decades.  

By developing a high fidelity structural and functional model of the active sites in Fe-N-C, our work enables the 
discovery of new structure-spectroscopy-activity correlations that would be impossible to extract from studies of 
pyrolyzed Fe-N-C materials alone. In particular, the (phen2N2)Fe core can be readily derivatized to vary the metal 
identity,79 the axial ligand, the in-plane ligating atom, the bridgehead atom139,140 and the substitution pattern of each 
phenanthroline moiety. This provides a diverse family of compounds for spectroscopic comparison to Fe-N-C 
materials, improving the understanding of active site structure in this important class of catalysts.  

The (phen2N2)Fe core developed here also allows for rational design of improved ORR catalysts. Unlike for Fe-N-
C materials, synthetic derivatization of the (phen2N2)Fe architecture will uniformly modify all the active sites in the 
material, allowing for the extraction of molecular-level free-energy correlations. Moreover, borrowing from extensive 
studies of molecular porphyrin complexes,141–148 the secondary coordination sphere around the (phen2N2)Fe core can 
be tuned to generate three-dimensional surface active site environments that would be impossible to synthesize 
faithfully and selectively by traditional pyrolysis methods. Integration of the (phen2N2)Fe motif within metal-organic 
frameworks149 or other porous polymers150 provides a route for accessing a new generation of Fe-N-C materials with 
high active site densities inaccessible by pyrolysis. Thus, the molecular model complex developed here provides a 
powerful platform with which to advance the synthesis and understanding of single-site heterogeneous electrocatalysts 
for critical energy conversation reactions.  
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METHODS 
Full experimental details and methods are listed in the SI. Synthesis and characterization of all complexes and 

precursor compounds, ink preparation, XAS fitting parameters and errors, electronic structure calculations and 
electrochemical controls are given in the SI. 
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