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ABSTRACT. The oxygen reduction reaction (ORR) is a key reaction in polymer electrolyte fuel 

cells and metal–air batteries. In these electrochemical systems, platinum group metals (PGMs) 

have been widely used as ORR electrocatalysts. Because of material costs and scarcity of platinum 

group metals, non-PGM electrocatalysts are an ideal alternative for mass production with low 

material costs. Many non-PGM electrocatalysts have been intensively studied such as pyrolyzed 

Fe-, N-doped carbon (Fe–N–C) catalysts. However, many non-PGM electrocatalysts including 

Fe–N–C still suffer from product selectivity: the production of H2O2 as the byproduct. In this work, 

we synthesized an ORR electrocatalyst of Cu-, Fe- and N-doped carbon nanotubes, (Cu,Fe)–N–

CNT. This heterobimetallic catalyst showed the selective 4e– reduction of O2 to H2O with ca. 99%. 

Kinetic analysis of the electrocatalytic ORR and hydrogen peroxide reduction reaction (HPRR) in 

acidic media revealed that (Cu,Fe)–N–CNT showed two orders of magnitude higher rate constants 

for the direct 4e– reduction of O2 to H2O than those for the 2e– reduction of O2 to H2O2 whereas 

a monometallic Fe–N–CNT showed the same order of magnitude, indicating that the 

heterometallic cooperativity gave the drastic impact on the ORR kinetics. Our findings would open 

up possibilities to develop non-PGM ORR electrocatalysts with heterobimetallic active sites for 

the selective ORR. 

KEYWORDS. Non-PGM, oxygen reduction reaction, electrocatalysis, polymer electrolyte fuel 

cell, oxygen reduction kinetics, bio-inspired approach, heterobimetallic active sites. 
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Introduction 

The oxygen reduction reaction (ORR) is a key reaction in polymer electrolyte fuel cells (PEFCs) 

and efficiently catalyzed by platinum group metal (PGM)-based electrocatalysts. Since ca. 56% of 

the cost in a fuel cell stack comes from expensive PGMs,1 developing highly active and durable 

ORR electrocatalysts based on earth-abundant elements is necessary for large-scale production of 

PEFCs. Metal–nitrogen–carbon (M–N–C) electrocatalysts containing earth abundant metals are 

promising alternatives to PGM-based ORR electrocatalysts2 and especially Fe–N–C 

electrocatalysts have been intensively studied because they show relatively high electrocatalytic 

activity even in acidic media.3-16 

The production of H2O2 as the byproduct for the ORR is a major concern in many non-PGM 

electrocatalysts including Fe–N–C. The 4e– reduction of O2 produces H2O whereas partial 2e– 

reduction of O2 gives H2O2. Low product selectivity of ORR electrocatalysts is believed to 

contribute to the degradation of the catalyst and/or ionomer and proton-exchange membranes in 

PEFCs through Fenton-type side reactions, which generate radical species particularly from Fe ion 

species and H2O2 (Fe2+/H2O2→Fe3+/•OH/OH–, Fe3+/H2O2→Fe2+/•OOH/H+).3-5,17 The 

improvement of the 4e– selectivity is crucial for developing practical non-PGM catalysts. To 

improve the ORR activity and selectivity of Fe–N–C, heterometal-doped Fe–N–C catalysts of 

(M,Fe)–N–C (M = Mn,18 Co,19-20 Ni21 or Cu22-30) have been synthesized.31-32  

In nature, a highly selective non-PGM ORR catalysts with heterobimetallic active sites is 

known: a metalloenzyme of cytochrome c oxidase (CcO). The CcO is a transmembrane 

metalloenzyme and found in the inner mitochondrial membrane of eukaryotes and in the 

cytoplasmic membrane of prokaryotes. The CcO utilizes a binuclear complex containing a heme 

and a copper ion as the active center.33-34 The selectivity to the 4e– reduction for the ORR reaches 
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>99% for CcO.35-36 Inspired by the active site structure of CcO, molecular-based CcO mimics have 

been synthesized to understand mechanistic insights into the enzymatic ORR. Electrochemical 

studies of these synthetic models suggest that the Cu site acts as the initial O2 binding site to form 

bridging heme–peroxo–Cu intermediates and suppresses the release of reactive oxygen 

species.16,37-40 Cu-doped Fe–N–C, (Cu,Fe)–N–C, electrocatalysts have also been synthesized for 

the ORR and synergistic effects of the copresence of iron and copper active sites on the ORR 

activity have been found.22-30 Furthermore, the suppression of the H2O2 production was also 

observed for (Cu,Fe)–N–C electrocatalysts, compared with the corresponding Cu–N–C and Fe–

N–C catalysts.28 However, heterobimetallic effects of Cu and Fe active sites on the ORR kinetics 

remain unclear although intensive kinetic studies have been done for single metallic M–N–C 

catalysts such as Fe–N–C.41-43 

Herein, we report synthesis, characterization and kinetic analysis of Cu-, Fe- and N-doped 

carbon nanotubes, (Cu,Fe)–N–CNT, for the ORR in acidic media. The bimetallic (Cu,Fe)–N–CNT 

electrocatalyst was synthesized in pyrolysis from a composite of chloro(protoporphyrinato)iron 

(hemin),22,44 a trinuclear copper complex of Cutrz ([CuII
3(trz)3(µ-OH)]Cl2·6H2O, trz = 1,2,4-

triazole)45-46 and single-walled carbon nanotubes (SWCNTs), which originate from vertically 

aligned carbon nanotubes (VACNTs)7,10 (Scheme 1). Inspired by the CcO binuclear active site of 

a heme and a copper complex of histidine ligands, hemin and Cutrz were used as metal precursors. 

SWCNTs can be expected to enable the immobilization of a large amount of catalytic active sites 

on individual SWCNT surfaces.7,10,20,47 Electrochemical measurements and kinetic analysis of 

(Cu,Fe)–N–CNT for not only the ORR but also the hydrogen peroxide reduction reaction (HPRR) 

allowed us to determine electrochemical inherent rate constants and turnover frequencies (TOFs) 

of the direct 4e– reduction process of O2 to H2O.  
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Scheme 1. Synthesis of our (Cu,Fe)–N–CNT ORR electrocatalyst. 

 

Experimental Section 

Material. SWCNTs (ZEONANO SG101) were provided by ZEON Co., Ltd. A 5% Nafion® 117 

dispersion and hemin (chloro(protoporphyrinato)iron(III) from bovine, ≧90%) were purchased 

from Wako Pure Chemical Industries Ltd. and Sigma-Aldrich, respectively. [CuII
3(trz)3(µ-

OH)]Cl2·6H2O (Cutrz) was prepared according to the literature.45 Ultrapure oxygen (purity, 

99.9999%) and ultrapure argon (purity, >99.9995%) were used for all electrochemical 

measurements. 

Preparation of copper–iron–nitrogen-doped carbon nanotubes, (Cu,Fe)–N–CNT. SWCNTs 

(4.0 mg) were dispersed in CH2Cl2 (30 mL) using a homogenizer (Branson Analog Sonifier® 

250A, Branson Ultrasonics Corporation) for 30 min (output control: 40 W; duty cycle: 50%) in 
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an ice–water mixture. A dispersion of hemin (15.7 mg 24.1 µmol) in CH2Cl2 (2.4 mL) was 

sonicated for ca. 5 min and then this dispersion was slowly added to the dispersion of SWCNTs, 

followed by ultrasonication for ca. 30 min in an ice–water mixture. To the dispersion of 

hemin/SWCNT, a dispersion of Cutrz (9.4 mg, 15.9 µmol) in EtOH (5 mL) was added to obtain 

a nanocomposite with a 2:1 Cu–Fe atomic ratio. The mixture was sonicated for ca. 30 min in an 

ice–water mixture. The solvent was evaporated at 373 K in a vacuum for a couple of hours, 

yielding ca. 20 mg of Cutrz/hemin/SWCNT composite. 

For heat treatments, the composite of Cutrz/hemin/SWCNT (10 mg) was placed in a carbon 

crucible (26 mm in OD, 20 mm in ID and 20 mm in height) and then heated in the reaction 

chamber of an electromagnetic inductive heating furnace (MU-1700D, SK Medical Electronics 

Co., Ltd.) in 0.45% NH3/Ar. In the first heating process, heating temperatures was held at 473 K 

for 10 min, raised to 1173 K at a ramp rate of 523 K min–1 and then kept at 1173 K for 10 min. 

After the heat treatment, the reaction chamber was naturally cooled down to room temperature, 

giving ca. 6.5 mg of the as-heated catalyst.  

The as-heated catalyst was stirred in 0.5 M H2SO4 aqueous solution at 353 K overnight. The 

precipitate was collected by vacuum filtration, washed with Milli-Q water and then dried at 373 

K in a vacuum for at least 2 h.  In the second heating process, the acid-treated product (10 mg) 

was heated at 473 K for 10 min, raised to 1173 K at a ramp rate of 523 K min–1 and then kept at 

1173 K for 1 min to obtain the final product of (Cu,Fe)–N–CNT (ca. 10 mg). Elemental analysis: 

C, 87.46 wt%; H, <0.30 wt%; N, 2.86 wt%. ICP–AES analysis: Cu, 0.58 wt%; Fe, 1.20 wt%.  

To optimize synthetic conditions, we prepared (Cu,Fe)–N–CNT with changing amounts of 

Cutrz: 4.7 mg of Cutrz (7.96 µmol) (Cu:Fe= 1:1 in the atomic ratio in the precursor mixture); 



 7 

18.8 mg of Cutrz (31.82 µmol) (Cu:Fe= 4:1). We also prepared catalysts at different 

temperatures of 1073 and 1273 K. To optimize heating periods, catalysts were prepared at 1173 

K for 5, 7, 10, 12 min in the first heating step.  

Preparation of iron-nitrogen-doped carbon nanotubes, Fe–N–CNT. A composite of 

SWCNTs (4.0 mg) and hemin (15.7 mg 24.1 µmol) was used as the precursor and treated in the 

same manner as (Cu,Fe)–N–CNT. Yield: ca. 12 mg. Elemental analysis: C, 91.79 wt%; H, <0.30 

wt%; N, 1.64 wt%. ICP-AES analysis: Fe, 0.96 wt%.  

Preparation of copper-nitrogen-doped carbon nanotubes, Cu–N–CNT. A composite of 

SWCNTs (4.0 mg) and Cutrz (9.4 mg, 15.9 µmol) was dispersed in CH2Cl2 (ca. 30 mL) using a 

homogenizer (Branson Analog Sonifier® 250A, Branson Ultrasonics Corporation) for 70 min 

(output control: 40 W; duty cycle: 50%) in an ice–water mixture. After that, the dispersion was 

treated in the same manner as (Cu,Fe)–N–CNT. Yield: ca. 3.5 mg. Elemental analysis: C, 95.83 

wt%; H, <0.30 wt%; N, 0.68 wt%. ICP-AES analysis: Cu: 0.08 wt%.  

Preparation of heat- and acid-treated carbon nanotubes, non-doped CNT. SWCNTs (10.0 

mg) were treated in the same manner as (Cu,Fe)–N–CNT. Yield: ca. 7.5 mg. 

Characterization. X-ray photoelectron spectra of catalysts were collected on a photoelectron 

spectrometer of JPS-9200 (JEOL) using an Al Kα X-ray source. The peak of C=C in the C1s region 

was used as the internal standard (284.8 eV) to calibrate the binding energies of the elements. 

Powder X-ray diffraction data were collected on an X-ray diffractometer (MiniFlex, Rigaku) with 

graphite monochromatized Cu Kα radiation (λ = 0.1540562 nm) at 30 kV and 15 mA. A scanning 

rate was set to 2o/min. Data on inductively coupled plasma atomic emission spectroscopy (ICP-

AES) were collected on an ICP-AES spectrometer ICPE-9000 (Shimadzu Corporation). For the 
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sample preparation for ICP-AES, the catalyst was added in a 1 M HNO3 aqueous solution, and 

then left at room temperature overnight. The residue was removed with a membrane filter (0.45 

µm) and then the filtrate was diluted with Milli-Q water to prepare sample solutions in 0.1 M 

HNO3 aqueous solution. Elemental analysis was done at Global Facility Center, Hokkaido 

University. High-angle annular dark field (HAADF)−scanning transmission electron microscopy 

(STEM) images and energy dispersive X-ray spectroscopy (EDS) mapping for iron nanoparticles 

were taken using a JEOL JEM-ARM200F instrument at 80 kV. N2 adsorption and desorption 

isotherms of (Cu,Fe)–N–CNT were recorded at 77 K using BELSORP mini II (MicrotracBEL 

Corp.) to determine a specific surface area of it based on Brunauer–Emmett–Teller (BET) analysis. 

The sample was pretreated at 423 K under vacuum for 24 h before measurements. To measure 

water contact angles, the θ/2 method was used.48 Milli-Q water (10 µL) was drop-cast on a 

substrate, and then photographs from the side at the interface between the water droplet and the 

substrate were taken. Water contact angles of θ were determined from angles of θ/2 between two 

lines: one is parallel to the substrate surface and the other is the line between the apex of the water 

droplet and the contact point at the edge of the water droplet and the substrate. For (Cu,Fe)–N–

CNT, a catalyst ink, which was prepared in the same way for electrochemical measurements 

mentioned below, was drop-cast onto a glassy carbon substrate and dried.  

Electrochemistry. All electrochemical data were collected using a potentiostat of CompactStat 

(Ivium Technologies) with conventional three-electrode setups. An Ag|AgCl electrode in a 

saturated KCl aqueous solution was used as the reference electrode. All potentials were converted 

to the reversible reference electrode (RHE) using the following equation: ERHE = EAg|AgCl + 0.199 

+ pHx0.059. All potentials shown vs. RHE were corrected with solution resistances of 45.2 Ω in a 

0.05 M H2SO4 aqueous solution for the ORR and 49.0 Ω in a 0.05 M H2SO4 aqueous solution 
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containing H2O2 for the HPRR. These solution resistances were obtained in electrochemical 

impedance spectroscopy at +0.5 V vs. RHE using an ac amplitude of 10 mV in the frequency range 

from 1 kHz to 1 Hz with 8 points/decade (Biologic SP-240). A carbon rod was used as the counter 

electrode. As the working electrode, a catalyst-modified glassy carbon (GC) disk (5 mm in 

diameter) was used in a rotating ring-disk electrode (RRDE) tip, in which a Pt ring is also built.  

For the electrode preparation, a glassy carbon disk was sonicated in ethanol for 5 min, polished 

with 1.0 µm diamond suspension (Maruto Instrument), followed by 0.25 µm diamond suspension 

(Maruto Instrument), and then sonicated in Milli-Q water for 5 min. A catalyst ink containing 2.0 

mg of a catalyst, 40 µL of ethanol, 160 µL of Milli-Q water and 1 µL of 5% Nafion® 117 

dispersion was mixed with the homogenizer with the minimum power output and 50% duty cycle 

for 4 min in an ice–water mixture. The catalyst ink (13 µL) was drop-cast on a GC disk placed in 

the RRDE tip rotating at 500 rpm and dried for 50 min at room temperature at 500 rpm for standard 

electrochemical measurements (the loading density of the catalyst: 0.66 mgcat. cm–2). To 

understand effects of catalyst loading densities on the ORR activity of each catalyst, the catalyst 

ink with 11 or 15 µL was also drop-cast onto the GC, giving catalyst densities of 0.56 or 0.76 

mgcat. cm–2, respectively. The ring electrode was electrochemically cleaned in 0.05 M H2SO4 aq. 

under Ar at a sweep rate of 100 mV s–1 in the potential rage of +0.05 and +1.0 V vs. RHE for 50 

cycles before use. Linear sweep voltammograms (LSVs) for the ORR were recorded at a sweep 

rate of 10 mV s–1 in 0.05 M H2SO4 aq. at pH 1 under oxygen, applying a potential of +1.2 V vs. 

RHE to the ring electrode. A collection efficiency of the ring electrode was experimentally 

determined to be 0.20 and this value was used for data analysis.  The collection efficiency was 

determined using a gold disk electrode (5 mm in diameter) in the RRDE in 0.05 M H2SO4 aq. 

containing 2 mM K3[Fe(CN)6] under Ar, applying +0.97 V vs. RHE to the ring electrode. Yields 
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of H2O2 produced in LSVs were calculated as follows: H2O2 yield (%) = (200 x IR/N) / (|ID| + 

IR/N), where IR, ID and N are the ring current, disk current and collection efficiency (0.20), 

respectively. For durability tests, 5,000 potential cycles in the potential range between +0.6 and 

+1.0 V vs. RHE were repeated at a sweep rate of 100 mV s–1 in 0.05 M H2SO4 aq. under oxygen.     

For the HPRR, the catalyst ink was drop-cast and dried on a GC screw (5 mm in diameter, M4, 

Tokai Carbon Co. Ltd.) in the same manner as the use of the GC disk and then heated at 418 K for 

5 min to improve the adhesion between the catalyst film and the GC surface.46 LSVs were recorded 

in 0.05 M H2SO4 aq. containing H2O2 under Ar. The concentration of H2O2 in the electrolyte 

solution was determined by the titration of 5 mM KMnO4 aqueous solution before and after the 

electrochemical measurements to be 3.2 mM for (Cu,Fe)–N–CNT, 3.0 mM for Fe–N–CNT and 

3.2 mM for Cu–N–CNT.  

To calculate the maximum mass-based site density (MSD) for (Cu,Fe)–N–CNT, cyclic 

voltammograms of (Cu,Fe)–N–CNT were recorded in 0.05 M H2SO4 aq. under Ar to extract peak 

current densities of redox couples of redox-active metal species such as FeIII/FeII and CuII/CuI 

based on extrapolated baselines.7 The extracted peak current densities allowed us to calculate 

Faradaic charge densities involving redox reactions. The charge densities can be converted to the 

number of redox-active sites in the catalyst immobilized on the electrode by using the Faraday 

constant (F = 96500 C mol–1), the Avogadro constant (NA = 6.02 × 1023 mol–1) and a catalyst 

density (0.66 mgcat. cm–2). To determine a site density of active sites per surface area, the MSD 

was divided by a BET surface area of the catalyst.  

Determination of intrinsic currents and rate constants.  

To determine rate constants for the ORR and HPRR, LSVs for the ORR and HPRR using a RRDE 

at 1600 rpm were analyzed using the Nabae model.41,49 A worksheet file in Microsoft Excel is 
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available on the website of the original paper on the Nabae model as the supporting information41 

and used for the data analysis of our data to extract kinetic parameters.    

We performed ORR and HPRR measurements of a catalyst with different catalyst loading 

amounts. Koutechy-Levich (K–L) plots for the HPRR allowed us to determine a rate constant for 

the HPRR (k3’) from the intercept and Z2 from the slope. Z2 equal to 0.62𝐷𝐷H2O2
2/3 𝜈𝜈−1/6 is a H2O2 

diffusion parameter dependent on the diffusion coefficient of H2O2 and the viscosity of the 

electrolyte. From k3’, Z2 and collected data on disk (Id) and ring (Ir) currents of the RRDE for the 

ORR, we calculated currents for the direct 4e– reduction of O2 to H2O (I1’), the 2e– reduction of 

O2 to H2O2 (I2’) and the 2e– reduction of H2O2 to H2O (I3’) using the following Eqs (1)–(3):   
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where N is the collection efficiency of the ring electrode (0.20 in this work), and 𝜔𝜔−12 is the inverse 

square root of the angular frequency of the RDE rotated at 1600 rpm (0.1093 rad–1/2 s1/2 in this 

work). To convert I1’ and I2’ to rate constants of k1’ and k2’, the following Eqs 4 and 5 based on 

the K–L equation for the ORR to H2O and H2O2 were considered: 

1
𝐼𝐼1′

= 1
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where 𝑐𝑐O2 is the concentration of O2 in the bulk electrolyte solution (1.05×10–6 mol cm–3), and 

𝑍𝑍1 = 0.62𝐷𝐷O2
2/3𝜈𝜈−1/6 (0.000776 cm s–1/2) is a parameter calculated from the diffusion coefficients 

of O2 and the kinetic viscosity of the electrolyte. These Eqs. 4 and 5 can be simultaneously solved 

because I1’, I2’ and the other parameters are known: 

1
𝑘𝑘1′

= 4𝐴𝐴𝐴𝐴𝑐𝑐O2
𝐼𝐼1′

−
1+2𝐼𝐼2

′

𝐼𝐼1
′

𝑍𝑍1𝜔𝜔
1
2
       (6) 

𝑘𝑘2′ = 2𝐼𝐼2′

𝐼𝐼1′
𝑘𝑘1′        (7) 

To exclude the contribution of a quasi-four-electron pathway (also known as a dual site 2×2e– 

pathway), I1’/(I1’+2I2’) values were plotted as a function of catalyst loading densities, γ in μg cm‒

2. It was assumed that intrinsic currents of I1
0, I2

0 and I3
0 are first-order in γ because these 

parameters show the intrinsic proportions of the individual chemical reactions whereas Is, which 

is the current that originates from the series of reactions in the catalyst layer matrix, is second-

order in γ because the reactant must react twice over the catalyst to complete the ORR to H2O in 

the catalyst layer matrix. The correlation between I1’ and γ can be shown in the following Eq. 8: 

 𝐼𝐼1′

𝐼𝐼1′+2𝐼𝐼2′
= 𝐼𝐼10

𝐼𝐼1
0+2𝐼𝐼2

0 + 2𝐼𝐼s
𝐼𝐼1
0+2𝐼𝐼2

0 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏       (8) 

The plot of I1’/(I1’+2I2’) against γ gave the intercept of a, which is independent of γ and then 

intrinsic currents of I1
0, I2

0 and I3
0 were obtained using the following Eqs. 9‒11: 

𝐼𝐼10 = 𝑎𝑎(𝐼𝐼1′ + 2𝐼𝐼2′)       (9) 

𝐼𝐼20 = 𝐼𝐼1′+2𝐼𝐼2′−𝐼𝐼10

2
       (10) 

𝐼𝐼30 = 𝐼𝐼d−𝐼𝐼10 − 𝐼𝐼20       (11) 

Finally, the intrinsic rate constants of k1
0 and k2

0 were obtained from the Eqs 12‒13.  
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1
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0 −

1+2𝐼𝐼2
0

𝐼𝐼1
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𝑘𝑘20 = 2𝐼𝐼20

𝐼𝐼1
0 𝑘𝑘10       (13) 

Note that k3
0 is the same as k3’ in this loading density correction. Thus, 

𝑘𝑘30 = 𝑘𝑘3′        (14) 

Results and Discussion 

Firstly, we optimized synthetic conditions of (Cu,Fe)–N–CNT. This catalyst was prepared from 

composites of Cutrz, hemin and SWCNT in pyrolysis (Scheme 1). Different mixing ratios of Cutrz 

to hemin gave different electrocatalytic activity for the ORR (Figure 1). Pyrolyzed (Cu,Fe)–N–

CNT catalysts were prepared from precursors with different atomic ratios of Cu to Fe, 2:1, 1:1, 4:1 

and 1:0.5. The LSV of the catalyst prepared from the precursor mixture with the 2:1 Cu–Fe ratio 

showed the most positive onset potential for the ORR in them, indicating that this Cu–Fe ratio 

maximized the ORR electrocatalytic activity. We also optimized heating temperatures and periods 

for the synthesis of (Cu,Fe)–N–CNT from the precursor mixture with the 2:1 Cu–Fe ratio: heating 

temperatures at 1073, 1173 and 1273 K; heating periods in the first heating step for 5, 7, 10 and 

12 min. The heat treatment at 1173 K for 10 min gave the highest catalytic activity for the ORR 

(Figures S1 and S2). The (Cu,Fe)–N–CNT electrocatalyst that was prepared in the optimized 

condition (the 2:1 Cu–Fe atomic ratio in the precursor and the heating temperature of 1173 K for 

10 min) showed ca. 1% H2O2 production yield, suggesting that (Cu,Fe)–N–CNT selectively 

catalyzes the ORR to H2O. (Cu,Fe)–N–CNT prepared in the optimized condition was used for the 

further studies.  
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Figure 1. (a) H2O2 yield, (b) ring and (c) disk currents of (Cu,Fe)–N–CNT electrocatalysts that 

were prepared from precursors with different molar ratios of Cutrz to hemin: 2:1 Cu–Fe (in red), 

1:1 (in purple), 4:1 (in orange) and 1:0.5 (in light blue) at 1173 K. The LSVs were recorded at 10 

mV s–1 using a RRDE at 1600 rpm in 0.05 M H2SO4 aqueous solution under oxygen. The catalyst 

loading density was 0.66 mgcat cm–2. 

 

Physicochemical measurements of (Cu,Fe)–N–CNT were performed for characterization. 

(Cu,Fe)–N–CNT had a BET surface area of 537 m2 g–1 (Figure S3) and a contact angle of ca. 156º 

(Figure S4). HAADF–STEM images of the catalyst showed a tubular morphology, which 

originates from that of SWCNTs (Figures 2a and 2b). The combination of HAADF–STEM 

observation, EDS mapping and a powdery XRD pattern of (Cu,Fe)–N–CNT confirmed that Fe 
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nanoparticles surrounded by a continuous graphitic layer8,11 remain even after the acid treatment 

(Figure S5). In contrast, no Cu nanoparticles were found in (Cu,Fe)–N–CNT because Cu 

nanoparticles can be easily removed with the acid treatment.46 Elemental analysis and ICP-AES 

allowed us to determine atomic ratios of N:Cu:Fe = 22:1:2 (2.86:0.58:1.20 in wt%). The peak 

deconvolution analysis6 of the X-ray photoelectron spectra of (Cu,Fe)–N–CNT in the N1s region 

showed 45% pyridinic and 28% pyrrolic nitrogen species in it (Figure 2c and Table S1). These 

nitrogen atoms have a lone pair of electrons and work as donation atoms to form MNx active sites.6 

The peak deconvolution analysis also suggests that ca. 18% of nitrogen atoms were used to form 

MNx active sites. 

 

Figure 2. (a, b) HAADF–STEM images and (c) N1s X-ray photoelectron spectrum of (Cu,Fe)–

N–CNT. Open circles: experimental data; the solid line in black: fitted data; the solid line in red: 

pyridinic nitrogen; the solid line in blue: nitrogen atoms coordinated to metal ions (MNx); the solid 

line in light blue: pyrrolic nitrogen; the solid line in purple: graphitic nitrogen; the solid line in 

brown: N oxide; the solid line in gray: baseline.  

 

The (Cu,Fe)–N–CNT electrocatalyst showed the synergistic effects of iron and copper active 

sites on the ORR activity. Fe–N–CNT, Cu–N–CNT and non-doped CNT were prepared from 

hemin/SWCNT, Cutrz/SWCNT and SWCNT, respectively. The comparison between LSVs of 

(Cu,Fe)–N–CNT, Cu–N–CNT and Fe–N–CNT under oxygen revealed that (Cu,Fe)–N–CNT 
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exhibited the most positive half potential, E1/2 (Figure 3). Thus, (Cu,Fe)–N–CNT showed higher 

ORR activity than Cu–N–CNT and Fe–N–CNT. Similar synergistic effects on the ORR activity 

were also reported for (Cu,Fe)–N–C electrocatalysts.22-30  

 

 

Figure 3. (a) H2O2 yield, (b) ring and (c) disk currents of (Cu,Fe)–N–CNT (the solid line in red), 

Cu–N–CNT (the solid line in brown), Fe–N–CNT (the solid line in blue), non-doped CNT (the 

solid line in gray) and Pt/C (the dotted line in black) recorded undergoing the negative sweep at 

10 mV s–1 in 0.05 M H2SO4 aqueous solution under oxygen except for Pt/C, which was recorded 
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undergoing positive sweep in 0.1 M HClO4 aqueous solution under oxygen instead of H2SO4 aq. 

to avoid bisulfate adsorption.50 A bias potential of +1.2 V vs. RHE was applied to the ring electrode. 

A catalyst loading density was 0.66 mgcat. cm–2.  

 

The (Cu,Fe)–N–CNT electrocatalyst tends to show higher product selectivity to H2O for the 

ORR than Fe–N–CNT and Cu–N–CNT. The copresence of iron and copper active sites could 

minimize the H2O2 production like CcO, which shows >99% selectivity for the four-electron 

ORR.35-36 Note that the onset potential of Cu–N–CNT for the ORR is much more negative than 

that for Fe–N–CNT, suggesting that the ORR mainly occurs at iron sites and copper sites help 

them to accelerate the ORR. Such ORR mechanism was previously proposed for (Cu,Fe)–N–C 

electrocatalysts23,29 and biomimetic molecular catalysts of the active site of CcO.37-39 The LSV of 

non-doped CNT showed much lower ORR activity than the others, suggesting that the heat 

treatment of only SWCNTs produces no active sites. Note that durability tests of 5,000 potential 

cycles in the potential range between +0.6 and +1.0 V vs. RHE under oxygen for (Cu,Fe)–N–CNT, 

Cu–N–CNT and Fe–N–CNT revealed that (Cu,Fe)–N–CNT showed the lowest E1/2 shift (∆E1/2) 

value of ~20 mV (Figure S6), suggesting that the (Cu,Fe)–N–CNT showed the highest durability. 

This high durability could originate from the high product selectivity.  

Interestingly, the comparison between LSVs of (Cu,Fe)–N–CNT and Pt/C undergoing the 

negative sweep revealed that these E1/2 values for the ORR were the almost same (Figure S7). 

Generally, E1/2 values of LSVs for PGM-based ORR electrocatalysts including Pt/C highly depend 

on the potential sweep direction and, their LSVs undergoing the negative sweep tends to show 

more negative E1/2 than those undergoing the positive sweep since the surface of PGM catalysts 

can be covered with metal oxide or hydroxide species (M–O(H)) in oxidative conditions.51-52 This 
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is the reason why representative LSVs of Pt/C are usually shown in the positive going sweep 

(Figure 3). However, in practice, ORR catalysts with higher catalytic activity undergoing the 

negative going sweep should be developed because PEFCs should provide the peak power for fuel 

cell vehicles during acceleration. Furthermore, the ORR activity is suppressed in the presence of 

sulfate ions, which can be produced by the degradation of perfluoro-sulfonic acid ionomers and 

inhibit the catalytic sites of platinum.53-57 In contrast, (Cu,Fe)–N–CNT is tolerant to the sweep 

direction as well as sulfate ions. Thus, (Cu,Fe)–N–CNT would be a promising alternative to PGM-

based electrocatalysts for the practical use in PEFCs.  

To understand the cooperative effect of Fe and Cu active sites on ORR kinetics, rate 

constants at each step (k1
0, k2

0 and k3
0) were determined for (Cu,Fe)–N–CNT, Cu–N–CNT and 

Fe–N–CNT in acidic media (Figure 4 and Table 1), where k1
0, k2

0 and k3
0 indicate rate 

constants of the direct 4e– reduction to H2O (O2H2O), the 2e– reduction process of O2 to 

H2O2 (O2H2O2) and the HPRR to H2O with 2e– transfer (H2O2H2O), respectively.41 To 

determine k3’(=k3
0 in the Nabae model) values of each catalyst, LSVs for the HPRR were 

recorded in the presence of H2O2 in the electrolyte solution (Figure S8). Analysis of 

electrochemical results of the ORR and HPRR gave rate constants at each reaction process 

(Figure 4a) using the Nabae model.41 This model enables us to exclude the contribution of a 

quasi-four-electron pathway (also known as a dual site 2×2e– pathway1,8) to the 4e– reduction 

process. Note that I1’/(I1’+2I2’) values, where I1’ and I2’ are currents based on the Damjanovic 

model with a modified mathematical approach including the quasi-four-electron pathway,41-42 

seem to depend on the catalyst loading amount of Fe–N–CNT but not on that of (Cu,Fe)–N–CNT 

(Figure S9). It was also reported that the 2×2e– pathway was the main pathway for other Fe‒N‒
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C electrocatalysts in acidic media.49 Thus, the quasi-four-electron pathway is involved for Fe–N–

CNT but not for (Cu,Fe)–N–CNT.  

 

Figure 4. (a) ORR scheme with electrochemical inherent rate constants of k1
0, k2

0 and k3
0 and 

I1
0, I2

0 and I3
0 (Nabae model).41,49 Rate constants of k1

0 (the circles in red), k2
0 (the triangles in 

black) and k3
0 (the squares in gray) were plotted as a function of potential in 0.05 M H2SO4 

aqueous solution for (b) (Cu,Fe)–N–CNT, (c) Fe–N–CNT and (d) Cu–N–CNT electrocatalysts 

(inset: a magnified graph of Cu–N–CNT). The contribution of the quasi-four-electron pathway 

(the dual site 2×2e– pathway) to each rate constant was excluded using the Nabae model.41 

Table 1. Electrochemical inherent rate constants of k1
0, k2

0 and k3
0 of (Cu,Fe)–N–CNT, Fe–N–

CNT and Cu–N–CNT for 0.66 mgcat . cm–2 at +0.61 V vs. RHE in 0.05 M H2SO4 aqueous solution. 

Catalyst k1
0 / cm s–

1 k2
0 / cm s–1 k3

0 / cm s–1 

(Cu,Fe)–N–CNT 2.6×10–2 8.8×10–4 1.8×10–3 
Fe–N–CNT 3.0×10–2 1.2×10–2 2.0×10–3 
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Cu–N–CNT 1.2×10–3 2.1×10–5 2.9×10–4 
 

The kinetic analysis revealed that the copresence effect originates from the faster 4e– transfer 

process. (Cu,Fe)–N–CNT showed much larger values of k1
0 than that of k2

0 (k1
0 >> k2

0), 

indicating that the direct 4e– reduction pathway is exclusive (Figure 4b and Table 1). In the case 

of Fe–N–CNT, no such huge difference was observed between k1
0 and k2

0 (Figure 4c and Table 

1), indicating that the 4e–and 2e– reduction processes compete. In the case of Cu–N–CNT, rate 

constants of Cu–N–CNT are much smaller than those of (Cu,Fe)–N–CNT even though the direct 

4e– reduction process is dominant (Figure 4d and Table 1). These results suggest that Fe active 

sites exhibit larger rate constants for the ORR than copper active sites in acidic media and the 

copresence of Cu sites with Fe sites drastically accelerates the direct 4e– reduction process. 

   Although further studies are needed to understand structural details on active sites of (Cu,Fe)–

N–CNT, binuclear active sites of FeN4 and CuNx might exist in the catalyst and exclusively 

catalyze the ORR to H2O. One of the proposed active site structures is a binuclear metal active 

site placed in the same N-doped graphene sheets (Figure S10a),20,32,58 where the ORR activity 

can be governed by simple geometric parameters such as metal–metal distances.59 

Heterobimetallic complexes with similar coordination environments have been reported.60 We 

also propose another structure of heterobimetallic active sites: graphene sheets containing FeN4 

or CuNx active sites are stacked together (Figure S10b). The structure of CuNx active sites is 

based on the active site structure previously proposed for a Cu–N–C catalyst (r[Cutrz/GO]), 

which was prepared from Cutrz and graphene oxide and characterized by using HAADF–STEM 

and in situ X-ray absorption spectroscopy.46 Since (Cu,Fe)–N–CNT was prepared from 

nanocomposites of Cutrz/hemin/SWCNT, the heat treatment could produce such a stacked 
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structure and O2 molecules could be sandwiched between the two heterometallic active sites. 

Since the k1
0 value for Fe–N–CNT is higher than that of Cu–N–CNT (Table 1), FeN4 active 

sites serve as the main active site and are supported by CuNx active sites,46 which could work as 

the initial O2 binding site. Such a reaction mechanism is proposed for biomimetic CcO models to 

explain the suppression of the release of partially reduced oxygen species.34,37-39  

Based on the kinetic analysis data, we estimated TOFs of (Cu,Fe)–N–CNT for the direct 4e– 

transfer pathway. TOFs (e site–1 s–1) can be calculated from the following equation: TOF = (Jkin × 

NA) / (F × MSD),6-7,18,61 where Jkin (A g–1) is the kinetic current density, NA is the Avogadro 

constant (6.02 × 1023 mol–1), F is the Faradaic constant (96500 C mol–1) and MSD is the mass-

based site density. In this work, the kinetic current density calculated from I1
0 using the Nabae 

model41 was used as Jkin to determine TOFs of the direct 4e– reduction of O2 for (Cu,Fe)–N–CNT. 

The MSD in this work was defined as the number of redox active sites per unit mass of the 

catalyst.7,62 The MSD of (Cu,Fe)–N–CNT was electrochemically determined based on Faradaic 

charge densities of redox peaks observed in cyclic voltammograms recorded under Ar (Figure 

S11) to be 2.7 × 1019 site gcat.
–1. This MSD value and the BET surface area (537 m2 gcat.

–1) also 

allowed us to calculate the density of active sites per surface area to be 5.0 × 1016 site m–2 for 

(Cu,Fe)–N–CNT.  The MSD and the total metal amount in the catalyst, which were determined by 

ICP–AES, gave a catalyst utilization factor14,18 of ca. 15%. The MSD value and a I1
0 value of 1.71 

A g–1 determined using the Nabae model for 0.66 mgcat. cm–2 enabled us to calculate a TOF of 

0.40 e site–1 s–1 at +0.80 V vs. RHE for the (Cu,Fe)–N–CNT catalyst. This TOF is comparable with 

previously reported TOFs of ca. 0.4 e site–1 s–1 at +0.8 V vs. RHE for Fe–N–C catalysts,6-7 but less 

than those of ca. 1.5 e site–1 s–1 for (Fe,Mn)–N–C catalysts18 and 11.4 e site–1 s–1 for a Fe–N–C 

catalyst.63  
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Conclusions 

The bimetallic (Cu,Fe)–N–CNT electrocatalyst showed high ORR catalytic activity and 

selectivity to the 4e– reduction of O2 to H2O (~99%). Kinetic analysis of the ORR and HPRR 

unveiled that the copresence of Fe and Cu active sites makes the direct 4e– transfer pathway 

exclusive. The kinetic analysis also allowed us to determine the TOF of 0.40 e site–1 s–1 at +0.80 

V vs. RHE for the direct 4e– reduction pathway for (Cu,Fe)–N–CNT. This TOF is approximately 

60 times smaller than a TOF of 25 e site–1 s–1 for Pt/C,64 encouraging us to develop more active 

non-PGM electrocatalysts for the ORR. To develop (Cu,Fe)–N–CNT electrocatalysts with higher 

TOFs, synthetic approaches to non-PGM electrocatalysts with exclusive MNx moieties6,47,65 

coupled with our CcO-inspired approach would be promising. Although our work demonstrates 

the cooperative effect of different metal active sites on the ORR kinetics, the origin of the effect 

at the molecular level is still not fully understood. Spectroscopic studies such as in situ X-ray 

absorption spectroscopy are underway to gain mechanistic insights into the heterometallic 

cooperative effect.  
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