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Extended X-ray Absorption fine structure (EXAFS) analysis. The refined values of the χFe-Fe and 

χFe-N, which encompass the passive electron reduction values (S2
Fe-Fe and S2

Fe-N) and the mean square 

displacement (σ2
Fe-Fe

 and σ2
Fe-N) determined from the reference compound fitting, were used as 

constants in the Fe-N-MWCNT EXAFS fitting.  To fit the Fe-N-MWCNT EXAFS, the model Fe-N4 

planar structure with variable cCNFe-N (corrected Fe-N coordination number ratio, defined as the ratio 

between the experimental Fe-N coordination (CNFe-N,exp) and the ideal Fe-N coordination number (CNFe-

N,theory), which is 4 for the square-planar model, vide infra) was used, where the Fe-N distance was 

initially set to 1.972Å, in addition to the first two Fe-Fe paths of the Fe body-centered cubic (bcc) 

structure.  Note that Fe-Cl and Fe-O paths were neglected in our calculation owing to its negligible 

concentration after the heat treatment and acid-leaching.  Therefore, assuming that the scattering path 

shell consists predominantly of two sub-paths (Fe-N and Fe-Fe), the total scattering path of the first 

shell, χ, was calculated by the following: 

! 

"
total

= (x)cCN
Fe#N ("Fe#N ) + (1# x)cCN

Fe#Fe ("Fe#Fe )      (eq. S1) 

! 

= A"
Fe#N + B"

Fe#Fe        

 

! 

A = (x)cCN
Fe"N          

 

! 

B = (1" x)cCN
Fe"Fe         

where cCN is the corrected coordination number ratio (cCN = CNexp/CNtheory) and x is the fraction of Fe-

N in the system.  Using equation S1 and the fitted values of A and B, CNFe-N,exp of Fe-N-MWCNT was 

calculated from the following. 

! 

CNFe"N ,exp = cCNFe"N #CNFe"N ,theory        

 

! 

=
cCNFe"Fe (x)A

(cCNFe"Fe " B)
CNFe"N ,theory       (eq. S2) 

When cCNFe-Fe is set to 1 (Fe bulk phase assumption), CNFe-N,theory is referred from the FeTMPP-Cl fitting, 

and A and B values are obtained from the Fe-N-MWCNT measured, the CNFe-N,exp.can be estimated.  
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Fig. S1 Molecular structure scheme of heterocyclic N compounds.1 
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Fig. S2 XPS of 3-Fe-N-MWCNT in (a) survey and (b) Fe 2p BE regions. The dashed box in (a) is the 

Fe 2p BE region.  
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Fig. S3 XRD patterns (Cu Kα = 1.5218 Å, Rigaku) of background (black), N-MWCNT (orange), 2-Fe-

N-MWCNT (green), and 3-Fe-N-MWCNT (blue). The peak at 25.8o (0.34 nm) corresponds to the (002) 

stacking of the graphitic carbon. The triangle symbols in the gray box area indicate the background 

peaks from the XRD sample holder and the adhesive. 
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Fig. S4 High-resolution TEM (HRTEM) images of 3-Fe-N-MWCNT after acid-leaching in 2 M H2SO4 

at 80 oC for 3 hours.  (b-d) The 3-Fe-N-MWCNT has a Fe nanoparticle impurity encased inside 

MWCNT.  Image of (d) is a high magnification of (c). 
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 Fig. S5 SEM images of (a – b) 2-Fe-N-MWCNT, and (c – d) 3-Fe-N-MWCNT powders. Images of (b) 

and (d) are high magnifications of (a) and (c), respectively. 
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Fig. S6 Polarization curves of (a) Pt-RDE, (b) N-MWCNT, (c) 1-Fe-N-MWCNT, (d) 2-Fe-N-MWCNT, 

and (e) 3-Fe-N-MWCNT in O2-saturated 0.5 M H2SO4 at 10 mV s-1 (loading: 0.4 mg catalyst cm-2
geo).  The 

rotation rates are 100 (green), 400 (blue), 900 (pink), 1600 (red), and 2500 (black) rpms.  
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Fig. S7 Polarization curves of pristine MWCNT-NH2 (blue open diamond), HT-MWCNT-NH2 (pink 

open square), and N-MWCNT (orange solid circle) in O2-saturated 0.5 M H2SO4 at 10 mV s-1 and 900 

rpm (loading: 0.4 mg catalyst cm-2
geo).  The HT-MWCNT-NH2 was prepared by annealing of the pristine 

MWCNT-NH2 at 800 oC for 2 hours in Ar gas flowing. 
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Fig. S8 XPS of (a) pristine MWCNT-NH2, and (b) HT-MWCNT-NH2 in the N 1s BE region. The 

intensities of (a) and (b) are normalized by the ones of carbon sp2 peaks (294.5 eV) and (b) is magnified 

to 5 times.  The numbers in (b) indicate heterocyclic N molecules such as 1 : pyridinic N (~398.5 eV), 

1’ : Fe-N4 obtained from FeTMPP-Cl (~398.5 eV), 2 : nitrile N (~399.8 eV), 3 : pyrrolic N (~400.3 eV), 

3’ : pyridonic N (~400.3 eV), 4 : quaternary N (~401.4 eV), and 5 : oxidized N (402 ~ 405 eV)2,3 while 

(a) shows amine and amide groups4, 5. The atomic N/C ratio are (a) 0.056 and (b) 0.004. 
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Fig. S9 Comparison of ORR mass activities of HT-MWCNT-NH2 (pink), N-MWCNT (orange), 1-Fe-

N-MWCNT (black), 2-Fe-N-MWCNT (green), and 3-Fe-N-MWCNT (blue) at 0.8 V vs. RHE as a 

function of (Fe+N)/C.  The atomic ratio of Fe, N, and C were estimated from XPS (Fig. 1 and S6b).  
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Fig. S10 The H2O2 amount (%H2O2) of N-MWCNT and 2-3 of Fe-N-MWCNTs with respect to the 

rotation rates and catalyst loadings in O2-saturated 0.5 M H2SO4 at 10 mV s-1.  The rotation rates are 100 

(green), 400 (red), 900 (black), 1600 (blue), and 2500 (pink) rpm. The maximum of %H2O2 values in 

Fe-N-MWCNTs are shown at 0.7 V vs. RHE, which is identical with reported Fe-N-CCB catalysts7. The 

highest %H2O2 values in N-MWCNT are moved from 0.7 V (in 0.8 mg N-MWCNT cm-2
geo) to 0.4 V vs. 

RHE (in 0.04 mg N-MWCNT cm-2
geo).  The %H2O2 values are generally independent on the rotation rates 

(100 - 2500 rpm) at high catalyst-loading (0.2 - 0.8 mg catalyst cm-2
geo) while higher %H2O2 are obtained 

with decreasing rotation rate at low catalyst-loading (0.04 mg catalyst cm-2
geo). 

 

	  

N-‐MWCNT 2-‐Fe-‐N-‐MWCNT 3-‐Fe-‐N-‐MWCNT 
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Fig. S11 %H2O2 of bare GC electrode, which has negligible %H2O2 at the potential range of 0.2 - 0.8 V 

vs. RHE, in O2-saturated 0.5 M H2SO4 at 10 mV s-1.  The rotation rates are 100 (green), 400 (red), 900 

(black), 1600 (blue), and 2500 (pink) rpm.   
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Fig. S12 ORR pathways in RRDE. (a) Diagrams of three oxygen reduction pathways.  (1) is the direct 

4-e transfer, and (2)-(4) are the indirect 4-e transfer where (2) is an initial 2-e transfer, (3) is the a 

peroxide electro-reduction, and (4) is a peroxide disproportionation.  (b) %H2O2 and number of electron 

transferred as a function of catalyst loading in O2-saturated 0.5 M H2SO4 at 10 mV s-1 and 900 rpm.  

Solid and dashed bars indicate 0.04 and 0.8 mgcatalyst cm-2
 geo of catalyst loadings, respectively. Fe-N-CCB 

indicates %H2O2 values extracted from reference7. Error bars indicate a standard deviation from 

averaged %H2O2 of two samples. 
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Fig. S13 The H2O2 oxidoreduction curves of (a) Pt-RDE, (b) N-MWCNT, (c) 2-Fe-N-MWCNT, and (d) 

3-Fe-N-MWCNT in Ar-saturated 0.5 M H2SO4 with 1.3 mM of H2O2 (loading: 0.4 mg catalyst cm-2
geo).8 

The potentials were swept from 1) the reduction scan (0.65 V to 0 V vs. RHE) to 2) the oxidation scan 

(0.65 V to 1 V vs. RHE) at 10 mV s-1.  The rotation rates of each sample are 100 (green), 400 (red), 900 

(black), 1600 (blue), and 2500 (pink) rpm.  The j∞ values of Pt-RDE at 0.2 V vs. RHE are 0.71 - 2.82 

mA Pt-RDE cm-2
geo at 100 - 2500 rpm.  The j∞ values of samples at 0.5 V vs. RHE are ~0.08 mA N-MWCNT 

cm-2
geo for the N-MWCNT, ~0.3 mA2-Fe-N-MWCNT cm-2

geo for the 2-Fe-N-MWCNT, and ~0.3 mA3-Fe-N-

MWCNT cm-2
geo for the 3-Fe-N-MWCNT at 400 - 2500 rpm. 
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