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ARTICLE INFO ABSTRACT

Keywords: The shortcomings of precious metal based catalysts have limited the development of novel en-
Electrocatalysts ergies. So, developing low-cost and high performance transition metal based catalysts is one of
Oxygen reduction reaction the most feasible way to substitute the precious metal based catalysts. In all of the developed
FesC catalysts for oxygen reduction reactions (ORR), the iron-based nitrogen doped carbon nanotube
N-doped CNT

(N-CNT) show great promise. In this paper, N-CNT with Fe3C encapsulated based catalysts
(Fe3sC@N-CNT) were synthesized. The encapsulation structure of Fe3C@N-CNT was confirmed by
HAADF-STEM, XANES, XPS, XRD, SEM and other methods. XANES tests show that the doped
nitrogen of Fe3C changed the length of Fe-C bond and furtherly influenced the electron transfer
between encapsulated FesC and outer layer N-CNT. Electrochemical tests showed that the half-
wave potential and onset potential ORR of 750 °C calcined Fe3C@N-CNT were 90 mV higher
than that of 20 wt% Pt/C. The additional electric field between Fe3C and N-CNT modulated the C-
N bond of surface N-CNT and enhanced the catalytic performance for ORR. This paper reveal that
constructing encapsulated additional electron providing center is an effective way to design high
performance catalysts.

Encapsulation structure

1. Introduction

The limited sources and high-cost of precious metal based catalysts have inhibited the development and application of novel
energies. Developing non-precious metal based catalysts are highlighted by scientists and engineers in recent decades. Non-precious-
metal based high cost-effective catalysts for oxygen reduction reaction (ORR) such as metal carbides, nitrides, sulfides, oxides [1],
carbon based materials [2] and alloys [3] etc. have been investigated. For example, the Co-C [4], Mn-Co oxide [5], high-valent iron
[6], vanadium carbide and nitride based catalysts [7,8] have been reported. It is concluded that combining with high conductivity
material, introducing dopant, and construct vacancies are effective ways to improve the electrocatalytic performance for ORR of
transition-metal based catalysts [9]. In all of the transition metals, the iron has the special advantages for catalyzing the synthesis of
CNT. On the other hand, as the element for cementite, the iron can easily combine with carbon and nitrogen that can promote the
formation of nitrogen and carbon coexisted composites. It is also reported that the iron can form single atom catalyst through the
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conjunction of nitrogen atoms. So, it can be supposed that the iron can promote the formation of nitrogen containing CNT with enough
catalytic active site for ORR. The Fe-C-N based catalysts with the active site of Fe-N4 showed the current of 33 mA/cm? at 0.9 V of
Hy-O3 fuel cells [10]. Edge functionalized polyphthalocyanine networks derived two-dimensional carbon supported CoN4 based
catalysts for ORR [11]. The carbon based support played the skeleton role for metal species. The nitrogen that doped to carbon support
and combined with Fe/Co played the function of catalytic active center, which promoted the transition of oxygen molecular to ions.
Similarly, the combination of earth-abundant transition metal oxides with carbon nanotube (CNT) led to strong synergistic interactions
on adjusting the catalytic activity [12]. Compared with carbon physically supported catalysts, the in-situ derived carbon supported
metal carbide with chemical combination displayed higher catalytic performance. For example, the in-situ derived TiC from CNT
displayed robust catalytic characteristics for ORR in both acidic and alkaline electrolytes [13]. The co-axis structure of CNT and TiC
improved the electron transfer rate between catalysts and oxygen molecular.

The high conductivity for electron and rich catalytic active centers made the nano-carbon based materials to be high performance
catalysts for ORR [14]. The strong catalytic performance for ORR of N-doped graphitic materials had been confirmed [15]. The
encapsulated Co/CoO made the N-doped carbon and CNT exhibited higher catalytic performance for ORR [16]. At the same time, the
oxygen vacancy content, morphology and doped nitrogen combination states of carbon could be finely modulated by mixed Co-MOF
and certain amounts of melamine. Synergistic effect between the glucose derived N-doped CNTs/Ni and multivalent CoSx assured the
high catalytic performances for ORR [17]. Ni induced electron redistribution in carbon support enhanced the activation of adsorbed O,
and furtherly improved the catalytic kinetics for ORR. Combination of CNT and transition metal compounds enhances the catalytic
performance for ORR. Metal based species that can provide additional electrons improve the catalytic performance of carbon based
materials for ORR.

Kinds of reports show that the catalytic performance for ORR can be modulated by the interaction between CNT and transition
metals. The mechanism for the modulation was just explained by the synergistic effect. With the development of transition metal-
carbon based catalysts, a scientific theory for the modulation should be clarified. In this paper, the in-situ synthesized N-CNT with
Fe3C encapsulated catalysts were employed to study the catalytic mechanism for ORR. The eutectic covalent carbon atoms connected
the out-layer N-CNT and inner FegC particles, which resulted in changes of the electron state of outer layer N-CNT. On the other hand,
the different polarization state of covalent Fe-C bond of Fe3C and C-N bond of N-CNT modulated the combining bond states of doped
nitrogen and surrounding carbon atoms, which eventually made great influences on the catalytic performances for ORR. Results
showed the half-wave and onset potential for ORR of the catalyst that synthesized at 750 °C surpassed 90 mV over that of 20 wt% Pt/C
catalyst. The mechanism for the high catalytic performance was clarified on the basis of the electron transfer from encapsulated Fe3C to
outer layer N-CNT. The additional electron modulated the polarization of C-N bonds in the electric field of Fe3C and N-CNT. The results
of the paper established a novel theory to explain the high catalytic performance for ORR and proposed a novel method to modulate the
electron state of carbon based catalysts.

2. Material and methods
2.1. Reagents and materials

Melamine (C3HgNpg), potassium hydroxide (KOH), Iron(III) chloride (FeCls) and concentrated sulfuric acid (H2SO4) were purchased
from Sinopharm Chem. Reagent Co. Ltd (Shanghai, China). Commercial 20 wt% Pt/C catalyst was got from Aladdin Co. Ltd (Shanghai,
China). All reagents were in analytically pure states and adopted without any further treatment. All aqueous solutions were prepared
by deionized water that was purified by a Milli-Q Lab apparatus (Nihon Millipore, Ltd. China)

2.2. Materials synthesis

The preparation procedure of N-CNT encapsulated Fe3C are displayed in Fig. S1 (Supporting Information). The obtained catalysts
were named as CAT-XX-TTT, where XX meant the different moles of iron chloride and TTT meant the corresponding calcination
temperature in centigrade degree. For example, CAT-20-750 meant the catalyst was prepared by using 20 mmol FeCl3-6H50 and the
final calcination temperature was 750 °C. The details for the synthesis and naming rules of the catalysts are provided in Supporting
Information.

2.3. Materials characterization

The field emission scanning electron microscopy (SEM) tests were conducted by a Hitachi High-Technologies S-4800 microscope.
Transmission electron microscopy (TEM), high resolution TEM (HR-TEM) and high angle angular dark field-scanning transmission
electron microscopy (HAADF-STEM) images were taken on JEM-2100F with 200 kV acceleration voltage. X-ray photoelectron spectra
(XPS) test results of the catalysts were recorded by a Thermo Fisher K-Alpha equipped with a monochromatic Al Ka X-ray radiation
source. The C 1s peak with a precision of 0.02 eV was used as the reference at 284.6 eV. X-ray diffractograms of the catalyst were
obtained by using a Focus D8 Powder X-ray diffractometer (Bruke Co. Ltd, Germany) with Cu Ka radiation and graphite mono-
chromator that operated at 40 kV. The scanned 26 was ranged from 20° to 80° with a step of 0.02°. To measure the specific surface area
(Sger) of the catalysts, a Micromeritics ASAP 2020 physical adsorption analyzer was adopted according to the Brunauer-Emmett—
Teller (BET) method using N5 adsorption at 77.3 K. For BET test, each catalyst was firstly degassed at 350 °C under vacuum for 6 h.
Raman spectra of the catalysts were collected at room temperature by a Renishaw in Via Raman microscope with laser excitation of
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532 nm. X-ray absorption fine spectroscopy (XAFS) tests at the Fe K-edge were conducted in either transmission or fluorescence modes
at the10-BM and 10-ID beam lines with an energy resolution of 150 meV at Institute of High Energy Physics, Chinese Academy of
Sciences.

2.4. Electrochemistry tests

Electrochemical measurements were conducted by using a standard three-electrode cell system that was connected with CHI 760D
electrochemical workstation (Chenhua Inc., Shanghai, China). A RRDE-3A (RRDE Inc. Japan) system that was coupled with the
electrochemical workstation was employed for the rotating disk electrode (RDE) measurements. The electrochemical tests were
operated at ambient temperature. The three-electrode system included a glassy carbon RDE (diameter 3 mm) that was covered with the
as-prepared catalyst, a graphite electrode and a saturated Hg/Hg,Cl; electrode, which played the role of working electrode, counter
electrode and reference electrode. 5.0 mg commercial 20 wt% Pt/C or the catalyst was usually dispersed in a mixed solution of 450 pL
DI H,0 and 50 pL Nafion solution (Aldrich, 5 % in aliphatic alcohols) followed with sonication for 1 h to obtain a black ink. Then, 5 pL
of the black ink was pipetted onto the surface of the polished glassy carbon electrode and naturally dried to form a membrane.

Cyclic voltammetry (CV) measurements were performed in an oxygen-saturated 0.1 M KOH electrolyte with the potential range
from —0.8 to 0.2 V (vs. Hg/HgCly) with the sweeping rate of 50 mV s~ Linear sweep voltammetry (LSV) tests were recorded at a
sweeping rate of 10 mV s~ at the rotating speed of 1600 rpm. The long-time running stability performance for ORR was examined by
LSV tests that conducted at initial and after 30 h running at 0.93 V (half-wave potential). RDE tests were conducted with different
rotating speeds (from 625 to 2025 rpm) at the sweeping rate of 10 mV s~ 1. The electrolyte solution was firstly bubbled with Oy or Ar for
30 min prior to each test to assure the saturation. The ORR current was deduced by subtracting the current of Ar-saturated electrolyte
from that of Oy-saturated electrolyte. For the methanol crossover effect test, the chronoamperometric test at 0.6 V (vs RHE) was
operated by using RDE tests in oxygen-saturated 0.1 M KOH at the rotating speed of 1600 rpm, following with methanol injection to the
concentration of 3 M.

3. Results and discussion
3.1. Structure characterization

The structure of the catalysts that synthesized at 750 °C with different iron content was firstly examined by XRD tests and the
obtained results are displayed in Fig. 1A.

On the basis of XRD test results in Fig. 1A, it can be indexed the co-existence of Fe3C and carbon. The Fe3C and carbon should be
derived from the reaction of melamine and iron chloride during the course of high temperature calcination. The pyrolysis of the
mixture of imidazole and iron precursor also formed CNT encapsulating FesC particles structure [18]. In the Ni/Fe catalyzed synthesis
of CNT, similar XRD test results were also obtained [19]. Fig. S2 (Supporting Information) showed the XRD patterns of the catalyst that
synthesized at 650 °C. The XRD patterns of the catalysts that obtained at 750, 850 and 950 °C with the same iron precursor content are
exhibited in Fig. S3 (Supporting Information). The existence of FesC and carbon is also confirmed. Similar results were also observed in
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Fig. 1. XRD test results (A), deconvoluted high resolution XPS of nitrogen (B) carbon (C) and iron (D) of CAT-10-750, CAT-20-750 and CAT-40-750
catalysts. (E) Nitrogen species and corresponding content of the catalysts that calculated based on the XPS test results.
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the research on nitrogen-coordinated iron-co-doped carbon catalysts for ORR [20,21].

To furtherly investigate the elemental composition of the catalysts, the XPS examinations were conducted and the full spectra XPS
of the catalysts that synthesized at 750 °C with different iron precursor content are provided in Fig. S4 (Supporting Information), which
distinctly confirmed the coexistence of Fe, N, C and O element. Fig. 1B clearly revealed that the nitrogen combining state of the
catalysts was different from each other. The combining energy of the same bond had a slight increase with increasing iron content,
which should be resulted from the different combining states of the atoms in the catalysts. The co-existence of the Fe-N bond in the XPS
of Fe 2p and N1s confirmed the successful doping of nitrogen to Fe3C. Similar results were also detected in other researches [22].

Fig. 1C showed the XPS of carbon of the catalysts, which clearly confirmed the existence of C-C/C=C bond that could be attributed
to the N-CNT. The C-N bond was also deconvoluted in the XPS of the three catalysts, which should be derived from the precursor of
melamine. Research on dual-sided Fe/Fe3C@N-doped CNTs found that the C 1s spectra were deconvoluted into two types bonds that
centered at 284.7 eV and 285.5 eV, which were corresponding to C-C and C-N bond, respectively [23]. The bond of Fe-C should be
attributed to FesC that had been proved by the XRD tests. The existence states of carbon in the catalysts were also examined by Raman
tests, which were supplied in Fig. S5 (Supporting Information). It is distinctly observed that the Ip/Ig of CAT-20-650 was the highest,
which meant that the structure had the highest defects intensity in all the catalysts. The deconvoluted XPS of Fe in Fig. 1D clearly
showed that the iron had combined with carbon and nitrogen. The result was consistent with the XPS of nitrogen and carbon. This was
why the iron was ever ascertained as the catalysts for the formation of N-CNT [24]. In this paper, the N-doped FesC first played the
catalytic role for the synthesis of N-CNT. Researches on the hetero-structural interfaced Fe3C-TiN catalysts also detected the Fe-C bond
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Fig. 2. SEM tests of (A) CAT-20-650, (B) CAT-20-750, (C) CAT-20-850 and (D) CAT-20-950. (E) TEM and elemental mapping tests of CAT-20-750.
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[25]. Similar XPS peaks fitting results had also been reported by M.R. Linford [26].

Fig. 1E showed the nitrogen species and corresponding content in the catalysts. It could be seen that the nitrogen combined with
iron and carbon. Combining with the XRD patterns, it can be known that the nitrogen-iron bond should be originated from the doped
nitrogen of FesC. The C-N bonds were deconvoluted into graphitic-nitrogen, pyrrolic-nitrogen, pyridinic-nitrogen and oxygen-
nitrogen, which played different roles on the catalytic performance for ORR [27]. To furtherly evaluate the catalyst structure, the
SEM tests were performed and the obtained results are displayed in Fig. 2.

Comparison between Fig. 2A to D showed that the morphology of the materials was greatly influenced by the calcination tem-
peratures. Fig. 2A showed the material that calcined at 650 °C displayed a multi-hole stick state. This should be resulted from the heat-
treating temperature that made the melamine pyrolyzed intermediate disintegrate again and eventually formed the morphology.
Fig. 2B clearly showed a perfect nanotube structure with some particles encapsulated in the tube or plugged on the top when the
material was calcined at 750 °C. Similar structure were also observed in the research of potassium chloride catalyzed synthesis of
porous carbon nanotube [28]. Fig. 2C and D displayed that the catalysts with calcination temperature of 850 and 950 °C also formed
nanotube structure. Comparison of Fig. 2B, C and 2D revealed that the surface of the catalysts gradually become coarse with elevating
calcination temperature.

Fig. 2E showed the TEM tests and elemental mapping of CAT-20-750, which clearly showed that the FesC particles located on the
top of the few walled nanotubes. Researches on the bottom-up synthesis of carbon nanotubes also found the similar structure of iron
catalysts adherent on the bottom of CNT [29]. The results were also consistent with that of Ketjenblack that incorporated into
Fe/FesC-functionalized melamine foam [30]. Fig. 2E also clearly confirmed nanotube structure of the catalysts. The corresponding
elemental mapping of C, N, Fe and O also proved the doping of nitrogen to carbon nanotube and Fe3C. On the other hand, the cor-
responding elemental ratio of the catalysts was also provided. The formation of N-CNT and FesC were also proved by the XPS and
elemental mapping test results. As comparison, the TEM test results and corresponding elemental mapping of the CAT-40-750 are
provided in Fig. S6 (Supporting Information). The existence of nitrogen was also proved by FT-IR tests that provide in Fig. S7 (Sup-
porting Information), which also displayed a N-CNT encapsulating FesC structure. Similar conclusion was also derived in the research
of one-pot synthesis of CNT [31]. Combining with the XSP and SEM test results, the nitrogen contents of the catalysts are drawn and
provided in Table S1.

The SEM of the catalysts in Fig. 3A, D and 3G exhibited a nanotube structure. Some particles were also observed. The HAADF-STEM
test result in Fig. 3B, E and 3H displayed that the nanotube had a few wall structure. The diagrams also revealed that the Fe3C particles
were encapsulated in the N-CNT or located on the top of N-CNT. The iron based metastable compound catalyzed the formation of N-
CNT. Similar phenomena were also observed in the research of Co-CNT systems [32]. Transitional metals that can form metastable
compounds react with carbon resource firstly and then forming CNT on the active sites, which can promote the deposition of carbon
and form carbon with kinds of morphology. The synthesis of thin wall carbon nanotubes filled with micrometer-length FesC particles
or empty thin wall CNT tip-filled with Fe3C were controlled by the precursor [33]. The shape of the CNT was also influenced by ni-
trogen atoms that derived from melamine [34]. The increased nitrogen content affect both the nucleation and growth of CNT.

169 (202)

Fig. 3. (A)(B)(C), (D)(E)(F) and (G)(H)(I) are the SEM and two HAADF-STEM test results of CAT-10-750, CAT-20-750 and CAT-40-750, respec-
tively. The inset in (C), (F) and (I) are the corresponding SAED test results.
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The doped nitrogen reduced the catalyst/CNT surface energy, reduced carbon extrusion from the catalyst and CNT growth rate,
reduced catalyst motion and stabilized catalyst morphology in the process of growth. The iron also played the effect of catalysts during
the synthesis of single wall CNT [35]. The transformation between the state of Fe, C and Fe3C greatly influenced the growth of N-CNT.
The structure of the Fe3C@N-CNT that synthesized at different temperatures was also examined by BET tests and the results are
provided in Figs. S8 and S9 (Supporting Information), respectively. The obtained specific surface area, micro-volume and pore volume
of the catalysts are provided in Table S2 (Supporting Information). Table S2 distinctly showed that the CAT-20-750 exhibited the
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time tests with the poisoning of methanol of CAT-20-750 and Pt/C catalysts. (E), (F) are the RDE and corresponding K-L line of CAT-20-750

catalyzed ORR in 0.1 M KOH electrolyte.
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highest specific surface area. Fig. 3C, F and 3I showed the HAADF-STEM tests of the N-CNT encapsulated Fe3C catalyst. The lattice
distance of 0.17 nm was captured by the HAADF-STEM tests, which was corresponding to the (202) facet of Fe3C. Similar structures
were also detected in the research of CosFey-FesC based catalysts for ORR [36]. The insets in Fig. 3C, F and 3I were the corresponding
SAED test results that also confirmed the existence of FesC. To furtherly investigate the coordination structure of Fe at the atomic level
of the catalysts, the X-ray cabsorption fine structure (XAFS) measurements were operated and the obtained results are showed in Fig. 4.

Fig. 4A exhibited the Fe K-edge X-ray absorption near-edge structure (XANES) spectra of Fe3C@N-CNT, Fe;O3 Fe304, FeO and Fe
foil. The spectra of CAT-20-750 is very similar to that of reference Fe foil. The near-edge absorption energy of Fe3C@N-CNT located
between the values of Fe and FeO and shifted to higher energy area than Fe foil, which should be caused by the different electro-
negativity of carbon and oxygen atoms. The electronegativity of carbon was lower than that of oxygen. Researches on single atomic Fe
based catalysts drew similar conclusion [37]. Fig. 4B showed the k%x (k) curves of Fe3C@N-CNT, Fe;03, Fe304, FeO and Fe foil in k
space. Similar results were also obtained in the research on the coordination environment of the Fe; site for the Fe,/g-C3Ny4 precursor
and the Fey-DAC catalyst as N4[Fey(m-O(H))2] and N4[Fea(m-N)o] configuration, respectively [38]. The intensity of Fe3C@N-CNT
located between Fe and FeO, which proved the combination of Fe and C.

Fig. 4C showed the Fourier Transform (FT) k3—weighted extended X-ray absorption fine structure (EXAFS) spectra of Fe3C@N-CNT,
Feg03, Fe304, FeO and Fe foil. The EXAFS tests of Fe3C based catalysts for ORR suggested that Fe in the samples was major in a local
coordination environment, which was quite similar to that of Fe(Ill)pc (i.e., FeN4Ox) [39]. Researches on the Fe K-edge X-ray ab-
sorption of Fe foil, Fe3C, etc. also revealed that the structure of FesC was quite similar to Fe [40]. Combining with the TEM and
elemental mapping tests, it could be deduced that the nitrogen was also doped into the crystallinity of FesC. Researches on the catalytic
sites of iron- and nitrogen-doped graphene materials ascertained the distance of Fe-N by XANES tests [41].

To distinguish the Fe-C and Fe-N bonds, the wavelet transform (WT) tests were carried out to examine the Fe K-edge EXAFS os-
cillations of Fe3C@N-CNT, Fe;03, Fe304, FeO and Fe foil. Fig. 4D showed that the WT of Fe3C@N-CNT major located between the k
value of 4.2 A1 and 10.6 A~1. To compared with the WT of Fe3C@N-CNT, the WT of Fe3O4, Fe2O3, FeO and Fe foil were listed in
Fig. S10 (Supporting Information). It could be found that the WT value of Fe3C@N-CNT was stronger than that of Fe foil, which located
between 5.8 A~ and 10.5 A~1. Combined with XPS test results, the changes of WT could be assigned to Fe-C bonds. In the research of
cobalt based catalysts, the WT changes were attributed to the Co-N4 coordinated sites [11]. This also proved the successful doping of
nitrogen to FesC particles that was consistent with the XPS test result.

On the basis of the XANES test result, the structure of N-doped Fe3C of Fe3C@N-CNT was modulated and displayed in Fig. 4E. The
nitrogen and carbon atoms connected with iron atoms. On the other hand, the nitrogen and carbon also made interactions with each
other. Nitrogen and carbon atoms with higher negativity attracted electron from iron atoms and formed a negative-charged state. Thus,
the iron atoms were in positive state. The electrons were furtherly tranfered along the outer layer N-CNT and eventually formed an
electric field along the axis of the Fe3C and N-CNT. The additional electrons that shifted from FesC of the N-CNT furtherly influenced
the C-N boond, which eventually modulated the catalytic acticity for ORR.

Fig. 4F showed the structure of surface layer N-CNT with different doped nitrogen atoms. Combined with the XPS and XANES tests,
it could be deduced that the doped nitrogen occupied the graphitic, pyrrolic, pyridinic and oxygenated positions. Nitrogen with
different position had different electronic state, which eventually influenced the ORR on the surface.

3.2. Electrocatalytic characterization for ORR of FesC@N-CNT

The electrocatalytic performance of the catalysts for ORR were firstly examined in 0.1 M KOH electrolyte by cyclic voltammetry
(CV) tests and the obtained results are provided in Fig. S11 (Supporting Information). Then, the performance of the fully activated
catalysts were examined by linear scanning votammetry (LSV) tests and the obtained results are supplied in Fig. 5A.

Fig. 5A showed the LSV test results of all the synthesized catalysts. It was clearly revealed that the CAT-20-750 displayed the
highest onset potential for ORR, which even 90 mV higher than that of the 20 wt% Pt/C catalyst. It is also observed that the peak
current intensity of CAT-10-750 and CAT-20-950 surpassed that of the 20 wt% Pt/C catalyst. Researches on the Fe/N co-doped hi-
erarchically porous N-doped CNT towards ORR obtained similar results [42]. Fig. 5A also clearly showed that the CAT-20-650 dis-
played the lowest catalytic performance in all the catalysts. This could be induced from the structure that had not fully crystallized into
CNT. Based on the LSV tests of Fig. 5A, the onset potential (Ey) and half-wave potential (E;,2) of the catalysts that prepared with 20
mmol Fe precursor and calcined at 750, 850 and 950 °C for ORR were obtained and displayed in Fig. 5B. It is obviously exhibited that
the Ep and E; /> of the catalysts were slightly decreased with the elevating calcination temperature. The changes of the potential and
current should be attributed to the nitrogen content of the surface layer CNT that made great influences on the active center and
electron distribution.

Fig. 5C distinctly revealed that the Eg and E; /5 of CAT-20-750 was about 90 mV higher than that of 20 wt% Pt/C catalyst. This
revealed the high catalytic activity of CAT-20-750 catalyst. Compared with the reported catalytic performance pristine N-CNT [43], it
can be deduced that the encapsulated FesC played crucial role on enhancing the catalytic performance towards ORR of CNT. The
encapsulated FesC provided additional electrons to surface layer N-CNT. On the other hand, with the introduction of additional
electrons, the polarization of C-N bond in the surface layer N-CNT was changed. The encapsulated Fe3C and surface layer N-CNT
formed an additional electric field along the axis that made great influences on the intermediate molecular movement and eventually
improved the Ej,7 and Ej of Fe3C@N-CNT catalyzed ORR.

It could also be seen from Fig. 5C that the LSV test results of the Pt/C and CAT-20-750 at initial and after 30 h continuous running at
0.93 V. It is distinctly proved that there were even no changes observed on the catalytic performance of CAT-20-750, which should be
attributed to the encapsulation of the N-CNT that prevent the corrosion of the FesC. It is also revealed that the half-wave potential of
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20 wt% Pt/C catalyzed ORR decreased about 30 mV after continuous running 30 h. Similar phenomena were ever observed in the
research on Co@N-CNT catalysts for ORR [44]. Researches on N-CNT array based catalysts for ORR attributed the high catalytic
performance to the incorporation of electron-accepting nitrogen atoms in the conjugated CNT plane [45]. The nitrogen atoms attracted
electrons from adjacent carbon atoms that made the carbon in a relatively positive charge state. Researches on Fe@CaN catalyzed ORR
attributed the catalytic performance to electron tunneling of the inner Fe-based core to the surface of the graphite nitride shell of
Fe@C,N nanoparticles [46]. The enhanced ORR catalytic performance had also been assigned to surface quinones (and/or other
possible oxygen functionalities) in the outer layer CNT [47]. Researches on the S and N coordinated Fe atomic sites (FeN3S) catalysts
confirmed that the interaction between Fe, N and S induced electron redistribution, which lowered the binding strength of oxygenated
reaction intermediates and eventually enhanced the reaction kinetics and catalytic performance towards ORR [48]. Electrocatalytic
properties of the N-doped wood-derived carbon based catalysts were attributed to the enlarged surface area, specific ratio of micro-
and meso-pores, as well as the high percentage of pyridinic nitrogen [49]. Density functional theory calculations revealed that the
adsorption of ORR intermediates on the basal carbon of the pristine CNTs significantly enhanced the adsorption energy, which could be
detected on the similar positions of two types of typical intramolecular junction structures (straight and bent junctions) with the values
close to Pt (111) facet [50]. Atomic Fe and N co-doped mesoporous carbon nano-spheres also exhibited excellent catalytic activity and
durability towards ORR, which was attributed to the highly opened structure and hydrophobic surface [51]. It had ever been reported
that the electron transferring from encapsulated Fe3C to outer layer N-CNT played important role on enhancing the electrocatalytic
performance for ORR of CAT-20-750. The CV tests in non-faradic and corresponding ECSA calculation, and electrochemical impedance
spectroscopy (EIS) test results of CAT-20-650, CAT-20-750, CAT-20-850, CAT-20-950 that are displayed in Figure S12, S13 and S14
(Supporting Information), also proved the robust catalytic performance of CAT-20-750.

Fig. 5D displayed the anti-poison performance of Pt/C and CAT-20-750 catalysts. It is clearly observed that, at the initial 1000 s, the
performance of the Pt/C and CAT-20-750 catalyst keep constant. With the introduction of methanol to electrolyte, the current intensity
of the Pt/C catalyst great decreases. This should be resulted from the methanol poison of the Pt/C catalyst. As contrast, the current of
CAT-20-750 catalyzed ORR was firstly increased and then recovered to the normal level. It seemed that the addition of methanol made
no influences on the catalytic performances of the CAT-20-750 catalyst. The 3D ordered macro-porous graphitic C3N4/carbon com-
posite also exhibited higher anti-poison performances than Pt/C catalyst [52]. The long-time running stability of catalyst should be
attributed to two factors. The first factor is the shelter of the N-CNT to the FesC. The shelter of outer layer N-CNT prevent the direct
contact between Fe3C and methanol, which can keep the number of active catalytic site constant. The second factor is that the N-CNT
with lower affinity to methanol. The polarization of the C-N bond cannot produce high enough absorption to methanol. The two factors
assured the high long-time running stability of the CAT-20-750 catalyst. Similar results have ever been observed in the research of
super-capacitors [53]. To furtherly investigate the catalytic performance of CAT-20-750 for ORR, the rotate disc electrode (RDE) tests
were conducted and the obtained results are displayed in Fig. 5E.

Fig. 5E exhibited the RDE test results of CAT-20-750 catalyzed ORR in 0.1 M KOH electrolyte. It is clearly observed that the current
intensity improved with the increase of rotating speeds, which should be attributed to the promoted oxygen diffusion on the electrode
surface [54]. Fig. 5F exhibited the corresponding K-L lines for the calculation of electron transfer numbers (1) according to equations
(2) and (3) in Supporting Information. The calculated value of n was about 4 that meant the ORR major happened in the style of 4-elec-
tron pathway [55], which also confirmed the high catalytic activity for ORR of CAT-20-750. The RDE tests and corresponding K-L lines
of Pt/C catalyzed ORR in 0.1 M KOH are provided in Figs. S15 and S16 (Supporting Information), which also prove that the ORR major
happened by 4-electron pathway. The Tafel test results of Pt/C and CAT-20-750 in Fig. S17 (Supporting Information) prove that the
polarization of CAT-20-750 catalyzed ORR is weaker than that of the Pt/C catalyst. Investigation on LSV, RDE, EIS and Tafel tests
proved that the catalytic activity of CAT-20-750 surpassed that of the Pt/C catalyst. The mechanism for the high catalytic performance
towards ORR of FegC@N-CNT is illustrated in Fig. 6.

Inner Fe,C Outer layer N-CNT
(electron donor) (electron receptor)

Fig. 6. The mechanism of Fe3C@N-CNT catalyzed ORR. The Fe3C particles was encapsulated by N-doped few-layered CNT through eutectic carbon
atoms. Modulated structure of encapsulating and the ORR process on the surface.
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The in-situ derived N-CNT acted as active sites for ORR, which contributed to the most of the ORR process [56]. Researches on the
catalytic performance of Co-embedded CNT attributed the high ORR catalytic activity to higher pyridinic-N content [57]. The XPS test
results in Fig. 1E showed that the pyridinic-N content of CAT-20-750 was 0.5 wt%, which provided enough catalytic active center for
ORR. Researches on electrocatalytic deuteration attributed the improvement of faradaic efficiency to nanotip-enhanced electric field
of metal catalysts [58]. The carbon radical intermediates played important role on the improvement of deuteration efficiency. In this
paper, the carbon and doped nitrogen shows higher electron transfer efficiency for ORR under the electric fields of encapsulated Fe3C.
On the other hand, the inner layer carbon nanotube of the encapsulation structure provided facilitate channels for electron transfer
that eventually improved the catalytic activity of CAT-20-750 for ORR in alkaline electrolyte. The inner layer N-CNT provide a fast
electron transfer channel between the encapsulated FesC and outer layer N-CNT. Then the additional electrons formed an electric field
along the axis of N-CNT [59]. It is usually believed that the ORR major happened on the catalysis of doped nitrogen. The effect of iron
compound or composite are also the catalytic active site for ORR. But the result show that the encapsulated Fe3C can also play vital role
on improving the catalytic performance, which avoid the direct contact between active metal composites and the reactant, such as
oxygen, electrolyte and other materials. The encapsulation can keep the high activity and ong-time working stability of catalyst. The
electric field determined the electron state of C-N bonds of outer layer N-CNT, which eventually enhanced the catalytic activity for
ORR.

4. Conclusion

In this paper, one kinds of few layered N-CNT with Fe3C encapsulated catalyst were successfully synthesized, which were proved by
HAADF-STEM and XANES tests. The encapsulated FesC and outer layer N-CNT tightly connected through transition layers. The high
catalytic performances for ORR were investigated by LSV, CV, EIS, Tafel and RDE tests. The onset potential and half-wave potential of
CAT-20-750 catalyzed ORR surpassed 90 mV over that of 20 wt% Pt/C catalyst. Combined with the other researches on CNT
encapsulated metal or metal oxide based catalysts, it can be deduced that the catalytic performance of CNT can be modulated through
additional electron supplication. The encapsulated Fe3C and the N-CNT formed electric field along the axis of the capsulation structure,
which promote the shift of electron from FesC to outer layer N-CNT. The additional electronics furtherly modulated the state of N-C
bonds that eventually elevated the onset potential, half-wave potential and maximum current of catalyzed ORR in alkaline electrolyte.
The results of the paper provide a novel methodology to design high performance and low-cost CNT based ORR catalysts through
forming additional electron providing centers.
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