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Abstract 

Exploring low-cost and highly efficient non-precious metal electrocatalysts toward 

oxygen reduction reaction is crucial for the development of fuel cells. Herein, we 

report the synthesis of bamboo-like N-doped carbon nanotubes with encapsulated 

Fe-nanoparticles through high-temperature pyrolysis of multiple nitrogen complex 

consisting of benzoguanamine, cyanuric acid, and melamine. As-prepared catalyst 

exhibits high catalytic activity for oxygen reduction with onset potential of 1.10 V and 

half-wave potential of 0.93 V, as well as low H2O2 yield (< 1%) in alkaline medium. 
___________________________________________________________________
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The mass activity of the catalyst at 1.0 V (0.58 A g-1) can reach 43% of state-of-the-art 

commercial Pt/C. This catalyst also exhibits high durability and ethanol tolerance. 

When it was applied in alkaline membrane direct ethanol fuel cell, the peak power 

density could reach to 64 mW cm-2, indicating its attractive application prospect in 

fuel cells. 

1. Introduction 

Oxygen reduction reaction (ORR) is an important reaction in various 

electrochemical energy conversion and storage devices such as fuel cells and metal-air 

batteries. The kinetics of ORR is very sluggish, and has to be accelerated by Pt-based 

electrocatalysts. However, the high cost and low abundance of Pt severely impede the 

large-scale applications of above electrochemical energy devices. It is critical to 

design efficient ORR electrocatalysts based on non-precious metals (NPM) [1-6]. 

Recently, carbon-based nanomaterials with heteroatom doping (e.g., Fe, N, S, P and F) 

have been considered as promising NPM catalysts to replace Pt-based electrocatalysts 

for ORR [3, 7-12]. Among them, nitrogen-doped carbon nanotubes (CNTs), especially 

CNTs with encapsulated Fe nanoparticles have attracted great interests [2, 3, 13-16]. 

For example, Deng et al reported that Fe encapsulated within pod-like CNTs had 

shown considerably high catalytic activity for ORR [15]. The catalytic activity was 

attributed to the electron transfer from Fe nanoparticles to the CNTs leading to a 

decreased local work function on the carbon surface. Meanwhile, the carbon shells 

avoid the direct contact of Fe nanoparticles with harsh environments including acid 

medium, oxygen, and sulfur contaminations, so that, the catalyst has a rather high 
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stability [15]. Nevertheless, the catalytic activity and stability of carbon-based NPM 

electrocatalysts do not satisfy the requirement of practical applications yet, especially 

in acidic proton exchange membrane fuel cell (PEMFCs) due to metal active sites 

leaching, protonation of nitrogen active species (e.g., pyridinic N), and carbonaceous 

corrosion [17-20]. In contrast, carbon-based NPM catalysts exhibit considerably high 

ORR activity and stability in alkaline medium [2, 21-26]. However, their applications 

are limited by the poor performance of alkaline membrane, as well as slow mass 

transfer in catalyst micropores where most of activity sites are located. Recently, 

substantial progress has made in alkaline anion exchange membrane (AEM) [27-29], 

therefore, exploring the applications of carbon-based NPM catalysts in AEM fuel cells 

has attracted great interests. 

In direct alcohol fuel cells (DAFCs), noble metal-based ORR catalysts are 

susceptible to alcohol crossover from anode to cathode, resulting in the decrease in 

cell voltage and fuel efficiency. In this respect, NMP catalysts are desirable, because 

they are insensitive to alcohols. That is, fuel crossover cannot reduce the ORR 

performance of NMP catalysts [23, 30]. In addition, the Pt loading of DAFCs is 

usually one order of magnitude higher than that of H2-O2 PEMFCs. It is economically 

significant to replace Pt-based catalysts with NPM catalysts for ORR in the DAFCs 

[31, 32].  

In this study, we synthesized nitrogen-doped carbon nanotubes with encapsulated 

Fe nanoparticles by using multiple nitrogen complex as nitrogen precursor, and FeCl3 

as an iron source through high-temperature pyrolysis. The multiple nitrogen complex 
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was prepared from benzoguanamine (Bg), cyanuric acid (CA) and melamine (M). 

As-synthesized catalyst has bamboo-like structure with large diameter (50-200 nm), 

and high mesopore surface area (556 m2 g-1) that facilitates the accessibility of 

active-site and mass transfer. As a result, the catalyst exhibits high ORR activity (0.58 

A g-1@1.0V) and durability, as well as high ethanol tolerance in alkaline solution. 

When the catalyst was applied in alkaline AEM direct ethanol fuel cell (DEFC), the 

peak power density could be as high as 64 mW cm-2.  

2. Experimental 

2.1 Chemicals and materials 

Benzoguanamine (99%), cyanuric acid (99%), and melamine (99%) were 

purchased from Alfa Aesar. Pt/C (20 wt% Pt, Alfa Aesar), sulfuric acid (suprapur 

96.0%, Merck), Ketjenblack EC600J (KJ600, Akzo Nobel), Nafion (D520, 5%, 

Dupont) and sodium hydroxide (NaOH, 98.0%, Sigma-Aldrich), were used as 

received. High purity Ar (99.999%), O2 (99.998%) and N2 (99.99%) were purchased 

from Linde Industrial Gases. The water used throughout all the experiments was 

ultrapure water (18.2 MΩ) purified through a Millipore system.  

2.2 Synthesis of (Bg-CA-M)-Fe/N/C catalyst 

The preparation process of the (Bg-CA-M)-Fe/N/C catalyst is illustrated in Fig. 1. 

The multiple nitrogen complex was synthesized according to previously reported 

method [33]. In a typical synthesis, benzoguanamine (0.74 g, 3.95 mmol), cynuric 

acid (1 g, 7.75 mmol), melamine (0.5 g, 3.96 mmol) and water (50 ml) were charged 

to a 100 ml flask with a magnetic stir bar. Then the reactants were mixed for 4 h under 
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stirring on a magnetic plate. After that, white multiple nitrogen complex was 

precipitated by filtration over a Buchner funnel and washed with excess of water. The 

resulting white powder was dried at 60 °C over night in a vacuum oven. Finally, the 

dry white powder of multiple nitrogen complex (0.5 g) was mixed with FeCl3⋅6H2O 

(0.25 g) in tetrahydrofuran by ultra-sonication for 20 minutes. After that, KJ600 

carbon black (0.15 g) was added into the mixture of multiple nitrogen complex and 

FeCl3, and further sonicated for 20 minutes. The mixture was stirred on a magnetic 

plate to obtain a homogeneous mixture at room temperature for 4 h. Then, the solvent 

was removed through rotary evaporator and further dried in vacuum oven at 60 °C for 

8 h. The resulting dried catalyst precursor was subjected to the 1st heat treatment at 

different temperature (700, 800 and 900°C) under argon atmosphere for 1 h. The 

pyrolyzed sample was then subjected to acid leaching in 0.1 M H2SO4 at 80°C for 7 h 

to remove unstable and inactive species (e.g., Fe3C and FeS). After the acid leaching, 

the sample was washed thoroughly with de-ionized water followed by centrifugation 

and dried in vacuum oven at 60 °C. Second heat treatment was performed at same 

temperature for 3 h under argon gas. The final catalyst was labelled as 

(Bg-CA-M)-Fe/N/C. For comparison, we also synthesized the catalysts from different 

combination of nitrogen precursors by similar processes, e.g., (Bg-CA)-Fe/N/C was 

synthesized from Bg and CA. 
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(Bg-CA-M)-Fe/N/CMultiple nitrogen complex (Bg-CA-M)
 

Fig. 1: Illustration of the synthesis of multiple nitrogen complex and 

(Bg-CA-M)-Fe/N/C catalyst. Bg: Benzoguanamine; CA: Cynuric acid; M: Melamine 

 

2.3 Characterization 

The morphologies and structure of (Bg-CA-M)-Fe/N/C catalyst were investigated 

by scanning electron microscope (SEM, Hitachi S-4800) and transmission electron 

microscope (TEM, JEM-2100 at 200 kV) and X-ray diffraction (XRD, Rigaku Ultima 

IV with Cu Kα radiation). The surface elemental composition of the catalyst was 

analysed through X-ray photoelectron spectroscopy (XPS, Qtac-100 LEISS-XPS 

instrument). Ar adsorption/desorption isotherm was tested by a Micromeritics ASAP 

2020 system (USA).  

2.4 Electrochemical measurements  

ORR tests were carried out in a conventional three-electrode cell using CHI760D 

bipotentiostat connected with rotating ring-disk electrode (RRDE, Pine Inc.) in 

O2-saturated 0.1 M NaOH solution. A thin graphite plate and Hg/HgO electrode were 

used as the counter and reference electrode, respectively. All potentials in this study 

refer to that of reversible hydrogen electrode (RHE) according to Eq.1: 
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E (RHE) = E (Hg/HgO) + 0.918 V……….. (1) 

A RRDE electrode with a Pt ring and a glassy carbon disk (geometric area 0.2475 

cm2) was used as working electrode to determine the ORR performance. To prepare 

the working electrode, the 6-10 mg catalyst, 0.45 mL water, 0.5 mL ethanol, and 50 

µL 5% Nafion solution were ultrasonically mixed for 1 h to form a uniform catalyst 

ink. Then, 25 µL of the catalyst ink was dropped onto the polished glassy carbon 

electrode. The loading of the catalyst was 0.6-1.0 mg cm2. To test ORR polarization 

curves, electrode potential was scanned between 0.4-1.2 V at 10 mV s-1. The ring 

potential was fixed at 1.3 V to measure the H2O2 intermediate. The rotating speed was 

900 rpm. Solution ohmic drop (i.e., iR drop) was compensated. To correct the 

background capacitive current, the polarization curve recorded in O2-saturated 

solution was subtracted by that recorded in N2-saturated solution. 

The kinetic current (ik) for the ORR can be derived from the experimental data 

using the Koutecky-Levich equation (Eq. 2): 

1 1 1
     (2)

L ki i i
= +

 

Where i and iL are the measured current and diffusion limiting current, respectively. 

The mass activity (jm) was calculated via the normalization of ik with the catalyst 

loading on the electrode surface. The H2O2 yield was calculated by following 

equation (Eq. 3): 

0
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Where, ID and IR is the disk and ring current, respectively, and N0 is the ring collection 

efficiency. The N0 was determined to be 0.386 ± 0.002 in a solution of 5 mM 
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K4Fe(CN)6 + 1 M Sr(NO3)2. The H2O2 yield can be directly correlated with the 

average number of electrons (ne) transferred per O2 molecule through the following 

Eq. 4: 

ne = 4 - (% H2O2)/50%       (4) 

2.5 Fuel cell tests 

Fuel cell tests were performed on 850e Scribner fuel cell system (Scribner 

Associates, USA). Membrane Electrode Assembly (MEAs) was constructed by hot 

pressing a pre-treated alkaline anion exchange membrane (A-201, purchased from 

Tokuyama Corp. Japan). The cathode catalyst ink was composed of 80 wt% 

(Bg-CA-M)-Fe/N/C (16 mg) with 20 wt% A4 anion-exchange ionomer (Tukuyama). 

The anode catalyst ink was composed of 16 mg 20 wt% Pd/C-homemade (80%) with 

Nafion solution (20%) as ionomer. Cathode or anode catalyst ink (catalyst + ionomer 

solution dispersing in ethanol) was sprayed on 6.25 cm2 A201 membrane and Ni foam 

to form catalyst-coated membrane (ccm). The cathode diffusion layer was made by 

5% PTFE-treated carbon paper. The flow rate of humidified O2 was 300 sccm in 

cathode. The anode was pumped with the solution of 2 M ethanol + 1 M KOH at 2 

mL min-1. 

3. Results and discussion 

3.1 Physical characterization 

Fig. 2a and 2b show the SEM and TEM images of (Bg-CA-M)-Fe/N/C sample 

after the 1st heat treatment at 800 oC. Many bamboo-like carbon nanotubes with 

encapsulated nanoparticles can be observed clearly. Some encapsulated nanoparticles 
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can survive after the acid leaching due to the protection of carbon shells. Fig. 2c and 

2d show TEM images of the sample after acid leaching and the 2nd heat treatment at 

800 oC (denoted as (Bg-CA-M)-Fe/N/C@800oC). Clearly, the Fe-nanoparticles are 

preserved in carbon shells of bamboo-like CNTs. The CNTs have an outer diameter of 

50-200 nm and length of 500-2000 nm. As compared with previously reported 

bamboo-like CNTs with the typical diameter of 10-50 nm [2, 15], the as-prepared 

CNTs show much large diameters. The encapsulated nanoparticles were further 

identified by HRTEM (Fig. 2e). The lattices space of the encapsulated nanoparticles 

was measured to be 0.200 nm, corresponding to (110) fringe of α-Fe. The SAED 

pattern (the inset of Fig. 2e) further confirms the crystalline structure of Fe. The Fe 

nanoparticles exist at the tips and within the compartments of bamboo-like CNTs 

because of Fe-catalysed growth of CNTs. These Fe nanoparticles are covered by 5-10 

carbon atomic layers, which can prevent Fe nanoparticles from the direct contact with 

oxygen and acid, and thus avoid the corrosion. Raman spectroscopic test indicates that 

(Bg-CA-M)-Fe/N/C@800oC has relative low graphitization degree with the intensity 

ratio of D band to G band (ID/IG) of 1.11 (Fig. S1). This may be caused by high level 

of doping heteroatoms (e.g., N and O) and defects, as well as the coexistence of 

carbon black that comes from the precursor. The high concentration of defects and 

doping heteroatoms will facilitate the ORR activity. 
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Fig. 2 Morphology characterization of (Bg-CA-M)-Fe/N/C catalyst. (a) SEM and (b) 

TEM images of the sample just after the 1st heat treatment at 800 oC. (c, d) TEM and 

HRTEM images of final (Bg-CA-M)-Fe/N/C@800oC catalyst after acid leaching and 

the 2nd heat treatment. (e) HR-TEM image of encapsulated Fe particle. The inset is the 

corresponding SAED pattern.  

 

Crystalline structure of (Bg-CA-M)-Fe/N/C@800°C was further characterized 

by XRD (Fig. 3a). Two broad diffraction peaks centring at 26.2° and 43° correspond 

to the diffractions of the (002) and (100) faces of the graphitic framework, 
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respectively. The diffraction peaks at 44.7°, 65.0° and 82.3° indicate the presence of 

α-Fe (PDF#89-7194) in the (Bg-CA-M)-Fe/N/C@800oC. The 44.7° diffraction 

corresponds to the lattice space of 0.202 nm, which is well consistent with the 

HRTEM observation (Fig. 2e). In addition, there are some weak peaks about the FeC 

(PDF#23-0298) and Fe3O4 (PDF#03-0863). 

The porous structure of the (Bg-CA-M)-Fe/N/C@800°C catalyst was 

investigated by Ar adsorption-desorption isotherm, as demonstrated in Fig. 3b. The 

Brunauer-Emmett-Teller (BET) surface area was determined to be 578 m2 g-1. The 

t-plot analysis indicates that the catalyst has large external surface area of 556 m2 g-1, 

but small micropore area of 22 m2 g-1. The isotherm exhibits a type-IV curve with a 

distinct capillary condensation step at a relative pressure of 0.35-0.8, which can be 

attributed the mesoporous structure. The pore-size distribution was determined from 

the adsorption branch data by the Horvath-Kawazoe (HK) method for micropores (< 2 

nm) and the Barret-Joyner-Halenda (BJH) method for mesopores (> 2 nm), as inset in 

Fig. 3b. High external surface area and abundant mesopores of the catalyst can 

facilitate the accessibility of reactants for ORR. 
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Fig. 3 XRD (a) and Ar adsorption-desorption isotherm (b) of 

(Bg-CA-M)-Fe/N/C@800oC. Pore-size distribution was inset in (b). 

 

3.2 ORR performance 

The ORR performance of (Bg-CA-M)-Fe/NC catalysts were tested in 

O2-saturated 0.1 M NaOH solution by the RRDE. For comparison, Pt/C (20 wt % Pt) 
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catalyst was also tested under similar conditions. We firstly monitored the ORR 

performance of (Bg-CA-M)-Fe/N/C at different synthetic steps (Fig. S2). Before heat 

treatment, the sample had little ORR activity. After 1st heat treatment (HT1), 

considerable ORR activity could be observed. Acid leaching could lower the ORR 

activity, but after 2nd heat treatment (HT2), the ORR activity was enhanced 

significantly, much higher than that of HT1. Active nitrogen species in NPM catalysts 

are formed during the heat treatment, so that the pyrolysis temperature is an important 

parameter [34]. To achieve the best performance, we optimized the pyrolysis 

temperature from 700 to 900 oC. The BET surface area of the samples slightly 

increased with increasing pyrolysis temperature (Fig. S3). The samples prepared at 

700 oC and 800 oC contained considerable Fe-encapsulated carbon nanotubes, while 

that prepared at 900 oC mainly consisted of porous carbon nanoparticles (Fig. S4). Fig. 

4a displays the ORR polarization curves of (Bg-CA-M)-Fe/N/C prepared at different 

temperature (700, 800, and 900°C), as well as Pt/C catalyst. The highest ORR activity 

was observed at 800 °C, in terms of high onset potential (ca. 1.10 V) and half-wave 

potential (ca. 0.93 V). For Pt/C reference catalyst, the onset and half-wave potentials 

(E1/2) are 1.04 and 0.907 V, respectively. 
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Fig. 4 ORR polarization curves (a) and H2O2 yield (b) of (Bg-CA-M)-Fe/N/C 

catalysts prepared at 700-900 °C, as well as commercial Pt/C (20 wt%) catalyst in 

O2-saturated 0.1 M NaOH. The inset is the enlarged curves near 1.0 V. 

(Bg-CA-M)-Fe/N/C catalyst loading: 0.60 mg cm-2; Pt/C loading: 0.10 mgcm-2 (or 20 

µg Pt cm-2); Rotating speed: 900 rpm; scan rate: 10 mV s-1. (c) Tafel plots of the 

above catalysts for ORR. (d) Comparison of ORR mass activity at 1.0 V. 

To further evaluate the catalytic activity, we calculated the mass activity (jm) 

based on Koutecky−Levich equation (Eq. 2). The determined kinetic current was then 

normalized by the catalyst loading (0.6 mg cm-2) to obtain the jm. Fig. 4c illustrates 

the Tafel plot (E~logj
m) of the (Bg-CA-M)-Fe/N/C and Pt/C catalysts. The Tafel 

slopes of (Bg-CA-M)-Fe/N/C catalysts slightly decrease from 77 to 70 mV dec-1 as 
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the pyrolysis temperature increased from 700 to 900 oC. These values are slightly 

larger than that of Pt/C (60 mV dec-1). Fig. 4d shows the comparison of mass activity 

of the above catalysts. The mass activities of (Bg-CA-M)-Fe/N/C@800°C catalyst at 

1.0 V is 0.58 A g-1, reaching 43% of the Pt/C (1.35 A gcat
-1). Note that the mass 

activity at 0.90 V usually calculated in the literature cannot be measured precisely in 

this study, because the current at 0.90 V is close to the diffusion limiting current. The 

E1/2 and ORR mass activity of (Bg-CA-M)-Fe/N/C@800°C catalyst are also 

considerably higher than those of Fe-encapsulated or CNT-based Fe/N/C catalysts 

reported recently (Table S1) [2, 35, 36].  

H2O2 yield is also an important parameter for ORR catalysts. Fig. 4b depicts the 

H2O2 yield of (Bg-CA-M)-Fe/N/C samples. The (Bg-CA-M)-Fe/N/C@800°C catalyst 

shows the lowest H2O2 yield, less than 1% in the whole potential region. This value is 

even lower than that of the Pt/C catalyst in the potential region of 0.50-0.90 V. The 

average electrons transfer number (ne) per O2 molecule was calculated to be over 3.98, 

according to the Eq. 3. Such high value of ne indicates that ORR processes follow four 

electron-transfer mechanism on the (Bg-CA-M)-Fe/N/C@800°C. Low H2O2 yield 

will benefit the stability of the catalyst, because H2O2 can produce highly corrosive 

⋅OH radical. As for the other two (Bg-CA-M)-Fe/N/C samples (700oC and 900oC), 

their H2O2 yields are about double to that of (Bg-CA-M)-Fe/N/C@800°C.  

To better understand the effect of pyrolysis temperature on the ORR performance, 

we carried out XPS test to determine the near-surface composition and element 

chemical state. As shown in Fig. 5a, the (Bg-CA-M)-Fe/N/C catalysts mainly 
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contained C, N, O, and Fe elements. The weight content of the above elements is inset 

in Fig. 5a. As the pyrolysis temperature increases, the carbon weight content increases 

from 80.7% to 93.6 %, at the expense of lowering the doping level of N, O, and Fe. 

For example, nitrogen weight content decreases from 6.3% to 1.7% as the pyrolysis 

temperature increase from 700 to 900 oC. The chemical states of N element are very 

important for ORR performance. Fig. 5b shows the high-resolution N1s XPS. The 

elevated temperature facilitates the formation of active nitrogen species and 

graphitization, [19] but it also reduces the doped nitrogen content. It has been 

proposed that nitrogen species of pyrolysis samples include pyridinic N (398.8 ± 0.2 

eV), Fe-N (399.6± 0.2 eV), pyrrolic N (400 ± 0.2 eV), graphitic N (401± 0.2 eV), and 

oxidized nitrogen (402± 0.3 eV) [37, 38]. However, we found that it is difficult to 

correlate the ORR activity with one of N species since the low-temperature sample 

(i.e., 700 oC) has shown low ORR activity, but very high nitrogen content, even 

through peak deconvolution. 
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Fig. 5 XPS of (Bg-CA-M)-Fe/N/C catalysts prepared at 700-900 °C. (a) Survey 

spectra; (b) High-resolution N1s spectra. The weight content of C, N, Fe, and O, 

determined from correspongding high-resolved spectra, was inset in (a). 

 

3.3 Effect of nitrogen precursors 

(Bg-CA-M)-Fe/N/C catalyst was prepared from the multiple nitrogen complex of 
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Bg, CA, and M, and showed the morphology of Fe-nanoparticles encapsulated carbon 

nanotubes. We found such combination of nitrogen precursors (Bg + CA + M) is 

necessary for the formation of nanotube morphology and high ORR performance. For 

comparison, we synthesized with a series of catalysts with different composition of 

nitrogen precursors, and evaluated their ORR performance. The pyrolysis temperature 

was fixed at 800 oC. The synthesized catalysts included (Bg)-Fe/N/C, (CA)-Fe/N/C, 

(M)-Fe/N/C, (Bg-CA)-Fe/N/C, (Bg-M)-Fe/N/C, and (CA-M)-Fe/N/C.  

Fig. 6a displays the ORR polarization curves of the catalysts prepared from 

different nitrogen precursors. Clearly, the (Bg-CA-M)-Fe/N/C@800°C exhibits the 

best ORR performance. We calculated the mass activity of the catalysts at 0.95 V, and 

compared them through a histogram (Fig. 6b). The catalytic activity decreases in the 

order of (Bg-CA-M) > (Bg-M) > (Bg) > (Bg-CA) > (CA-M) > (M) > (CA). It is 

obvious that among three nitrogen precursors, the Bg is the most important for high 

ORR catalytic activity. We further measured the TEM images of the above catalysts. 

As shown in Fig. 7, none of them have the CNT structure with encapsulated 

Fe-nanoparticles except the (Bg-CA-M)-Fe/N/C. The formation mechanism of CNT 

structure from ternary Bg-CA-M nitrogen precursor is not clear yet, and needs further 

investigation.  
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Fig. 6 (a) ORR polarization curves of the catalysts prepared from different 

combinations of nitrogen precursors. (b) Comparison of ORR mass activity at 

0.95 V for different catalysts. 
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Fig. 7 TEM images of the catalysts prepared from different combinations of 

nitrogen precursors: (a) (Bg)-Fe/N/C@800°C; (b) (CA)-Fe/N/C@800°C; (c) 

(M)-Fe/N/C@800°C; (d) (Bg-M)-Fe/N/C@800°C; (e) (M-CA)-Fe/N/C@800°C; (f) 

(Bg-CA)-Fe/N/C@800°C. 

 

3.4 Stability and alcohol tolerance 

The stability and the resistance to alcohol crossover effect are two important 

parameters of the electrocatalysts for practical application in direct alcohol fuel cell. 

The stability of the catalyst was firstly tested by potential cycling between 0.6 and 1.0 

V at 50 mV s-1 in O2-saturated 0.1 M NaOH. As presented in Fig. 8a, after 10,000 

potential cycles, (Bg-CA-M)-Fe/N/C@800°C just shows a small negative shift in E1/2 

by 12 mV, which is significantly lower than that of commercial Pt/C catalyst (56 mV). 

Furthermore, the stability was determined at constant potential of 0.80 V in 
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O2-saturated 0.1 M NaOH solution at 900 rpm. The (Bg-CA-M)-Fe/N/C@800°C lost 

29% of initial activity after the 100 h test (Fig. 8b). In contrast, the Pt/C catalyst 

degraded the same activity (-29%) just within 3 h. Such quick degradation of Pt/C 

performance may be attributed to the formation of Pt oxide at such high potential of 

0.80 V. The above two tests clearly show that (Bg-CA-M)-Fe/N/C@800°C catalyst 

has high stability under alkaline ORR condition.  
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Fig. 8 Stability tests of (Bg-CA-M)-Fe/N/C@800oC and Pt/C catalysts through 

10,000 potential cycles between 0.6 and 1.0 V at 50 mV s-1 (a) and constant 

potential at at 0.8 V for 100 h (b) in O2-saturated 0.1 M NaOH solution; 

Ethanol tolerance of (Bg-CA-M)-Fe/N/C@800oC (c) and Pt/C catalyst (d) in 

O2-saturated 0.1 M NaOH with different concentration of ethanol (0, 0.25, and 
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0.50 M). Scan rate: 10 mV s-1; Rotating rate: 900 rpm. 

(Bg-CA-M)-Fe/N/C@800°C exhibits high alcohol tolerance. The ORR 

polarization curve recorded in the 0.1 M NaOH is similar to those recorded in 0.1 M 

NaOH solution containing 0.25 and 0.50 M ethanol (Fig. 8c). That is, ethanol can not 

influence the ORR on (Bg-CA-M)-Fe/N/C@800°C. The electrooxidation of alcohols 

involves the breakage of strong C-H bond, which can not be catalyzed by the Fe/N/C 

catalysts. In contrast, as for the Pt/C, ethanol oxidation current totally overwhelms the 

oxygen reduction current in 0.1 M NaOH + 0.25 M ethanol solution (Fig. 8d). These 

results indicate that (Bg-CA-M)-Fe/N/C catalyst has a promising application in 

DAFCs.  

3.5 Performance of alkaline membrane direct ethanol fuel cell  

We carried out the tests of alkaline membrane DEFC with 

(Bg-CA-M)-Fe/N/C@800°C catalyst as cathode for ORR, homemade Pd/C as anode 

for ethanol oxidation and commercial A-201 alkaline anion exchange membrane. Fig. 

9a shows polarization curves and power density plots of alkaline membrane DEFC 

fed with 2 M ethanol with different concentration of KOH solution. Unlike acidic 

Nafion-based DEFCs where only ethanol solution is used in the anode, alkaline 

membrane DEFCs still need additional KOH or NaOH electrolyte to compensate the 

alkali consumption due to the neutralization reaction between OH- and ethanol 

oxidation products (acetic acid and CO2). As shown in Fig. 9a, the DEFC performance 

is improved with increasing the KOH concentration (0.1 to 1 M) in the feeding 

solution. The cell temperature is also an important parameter. Fig. 9b shows 
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polarization curves and power density plots of alkaline membrane DEFC operated at 

temperatures of 70-90 °C. The fuel 2 M ethanol+1 M KOH was fed at anode. Due to 

high tolerance to fuel crossover, the open circuit voltage is up to 0.88 V. The peak 

power density can approach to 64 mW cm-2 at 350 mA cm-2 when the DEFC is 

operated at 90 °C. Our alkaline membrane DEFC performance with 

(Bg-CA-M)-Fe/N/C@800°C cathode is quite high, even comparable to some 

literature results with Pt/C cathodes (Table S2) [39, 40]. This result demonstrates the 

potential application of the (Bg-CA-M)-Fe/N/C@800°C for fuel cells 

 

Fig. 9 Polarization curves and power density curves of alkaline membrane direct 
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ethanol fuel cell with (Bg-CA-M)-Fe/N/C@800oC as cathode catalyst. (a) Effect of 

KOH concentration from 0.2 to 1.0 M; (b) Effect of cell temperature from 40 to 

70°C. A-201 alkaline anion exchange membrane; Anode: 20 wt% Pd/C (2.56 mgcat 

cm-2); cathode: (Bg-CA-M)-Fe/N/C@800oC (2.56 mg cm-2); O2: 300 sccm; MEA area: 

6.25 cm2. 

 

4. Conclusions 

In conclusion, we prepared bamboo-like nitrogen-doped carbon nanotubes with 

encapsulated Fe nanoparticles through high-temperature pyrolysis of multiple 

nitrogen complex of benzoguanamine, cyanuric acid, and melamine. As-prepared 

(Bg-CA-M)-Fe/N/C catalyst exhibits high ORR activity and low H2O2 yield in 

alkaline medium. The onset potential is up to 1.10 V, and mass activity is 0.578 A g-1 

at 1.0 V in the alkaline medium. The catalyst also exhibits the high durability and 

ethanol tolerance. When the (Bg-CA-M)-Fe/N/C is applied in alkaline membrane 

direct ethanol fuel cell, the peak power density can be as high as 64 mW cm-2. The 

excellent performance strongly indicates that (Bg-CA-M)-Fe/N/C is promising to 

replace Pt-based catalysts in alkaline medium. 
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