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The fabrication of highly active oxygen reduction reaction (ORR) catalysts with strong anti-

poisoning and durability at low cost is extremely desirable but still remains a great challenge.

Herein,anovelhierarchically structuredmaterialofN-dopedporouscarbonspheresembedded

with monodispersed Fe2O3 clusters (Fe2O3/NPCS) is constructed. The composition and micro-

structure of Fe2O3/NPCS are carefully characterized, and the existed Fe2O3-stabilized FeeN4

active sites for ORRare verified. The Fe2O3/NPCS catalyst exhibits a superior ORRactivitywith a

positive half-wave potential of 0.95 V, showing an obvious around 90 mV positive-shift over

commercial Pt/C (20wt%). Additionally, thehighORRcatalytic activity is alsoaccompaniedbya

smaller Tafel slope of 45.3 mV decade�1 than Pt/C, implying a fast kinetics at high potentials.

Furthermore, the high-active catalyst also demonstrates an outstanding anti-poisoning ca-

pacity and long-term durability. The excellent ORR activites are attributed to the synergistic

effect between the rich FeeN4 active sites protected by Fe2O3 clusters, the porous structures

facilitating electron transport as well as the electrolyte and oxygen diffusion.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
the most promising catalysts for ORR application, but their

Introduction

Development of rationally designed, cost-effective and highly

active catalysts for oxygen reduction reaction (ORR) is one of

the key steps to develop fuel cells and metal-air batteries for

industrial application [1,2]. Due to the kinetically sluggish

four-electron transfer processes and complicated in-

termediates, platinum (Pt) and Pt-based alloys are identified as
.T. Isimjan), xiulin.yang@
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high cost, long-term stability, and poor methanol tolerance

are the main drawbacks [3,4]. Consequently, substantial ef-

forts have been made recently to develop an alternative to

overcome above disadvantages inherited by Pt based ORR

catalysts [5,6].

One of the most promising systems showing continues

progress is metal/nitrogen (M-Nx/C) supported by carbon
kaust.edu.sa (X. Yang).
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based materials (M ¼ Co, Ni, Cu and Fe) (Scheme 1) prepared

by high-temperature pyrolysis because of their high ORR ac-

tivities [7e9]. Due to the binding mechanism with O2, Co and

Fe are the two better suitable metals than Ni and Cu [10].

Therefore, Co and Fe based M-Nx/C exhibit higher activities

than that of Ni and Cu catalysts [11]. In general, the carbon

supports are graphene, carbon nanotube, porous carbon, etc

[12]. Furthermore, the carbon based supports provide high

surface area, suitable pore size distribution and good electron

conductivity [13]. The N-doped carbon support provides a

unique nitrogen-centered electron-donor with a nitrogen

modified adjacent carbon electron-acceptor which introduce

the nucleophilic-electrophilic surface function while inter-

actingwith oxygen and the reaction intermediates [14,15]. The

threemain nitrogen-carbon species are pyridinic, pyrrolic and

quaternary (graphitic) nitrogen [16] as shown in Scheme 1.

Although a significant progress over the years has been

made on clarifying the actual mechanism of this system, the

overall understanding is still limited due to the discrepancy of

defining the active site. Some believe the coordination be-

tween the metal with nitrogen atoms is crucial to facilitate O2

adsorption and provide favorable reaction intermediate

[17,18]. The other studies suggesting that there is no direct

involvement of metal except facilitating the growth of N-

doped carbon with distinct surface features for oxygen

reduction [19,20]. Moreover, the substantial reports on the

metal free NeC catalysts on ORR [5,21]. Furthermore, the type

of the nanoclusters, morphology of the support, precursor

materials and synthesis procedures each can alter the ORR

activities and stabilities significantly [22]. Nevertheless, the

best performing noble metal free ORR catalyst system is still

FeeN4/C prepared by high-temperature pyrolysis meaning

FeeNeC structure provides a better active site regarding ORR

than that of NeC. However, these catalysts frequently suffer

from poor stability owing to the metal leaching during the

electrochemical reaction resulting in losing activity and

membrane contamination [23]. Thus protecting the active site

become the critical step for long-term application. In order to

keep the activity of unstable FeeN core and overall electrical

conductivity of the catalyst, the protective encapsulation

should permit an easy access to the active site while not

affecting the overall dynamics of the catalyst.
Scheme 1 e M-Nx/C catalyst for ORR application: (a) metal coordi

support.
Herein, we report a new approach of synthesizing N-doped

porous carbon spheres (NPCS) embedded with Fe2O3 nano-

clusters (Fe2O3/NPCS) through the high-temperature pyroly-

sis. The Fe2O3 nanoclusters are uniformly dispersed inside the

spherical graphitic shell to provide indirect contact with

active sites, which are well encapsulated by the polar

graphitic shell. The catalytic performance of the Fe2O3/NPCS

are optimized and systematically characterized by the X-ray

diffraction patterns, Raman spectrum, thermal gravimetric,

elemental analyzers, N2 adsorption-desorption isotherms,

scanning/transmission electron microscopy and X-ray

photoelectron spectroscopy. Electrochemical analysis dem-

onstrates that the Fe2O3/NPCS catalyst possesses a superior

ORR activity with excellent stability to compare with the

commercial Pt/C in the alkaline media. To the best of our

knowledge, the Fe2O3/NPCS is the almost best performing ORR

catalyst in alkaline condition so far. Therefore, the fabricated

Fe2O3/NPCS catalyst shows a great potential to replace the Pt-

based catalysts for ORR.
Experimental section

Materials

Ferrocene (Fe(C5H5)2, 99%), cetyltrimethyl ammonium bro-

mide (CTAB, 99%), melamine (C3H6N6, �99.0%), dopamine

hydrochloride ((HO)2C6H3CH2CH2NH2$HCl, 98%), acetone

(CH3COCH3, �99.5%), anhydrous ethanol (C2H5OH, �99.7%).

All the reagents were analytical reagent and used without

further purification. Commercial Pt/C (20% for platinum) was

purchased from Alfa Aesar. Iron phthalocyanine (FePc) was

purchased from Acros organics. Nafion solution with ca. 5% of

Nafion in the mixture of lower anhydrous ethanol and water

was purchased from Alfa Aesar. The water was purified

through a Millipore system.

Synthesis of Fe2O3-polydopamine (PDA) spheres

The Fe2O3-PDA spheres were prepared by a typical sol-

vothermal method, where 0.75 g ferrocene and 0.1 g cetyl-

trimethyl ammonium bromide (CTAB) were ultrasonically
nated with N-doped carbon support and (b) N-doped carbon
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dispersed into 65 mL acetone solution. Ten minutes later,

10 mL of 20 mg mL�1 dopamine hydrochloride in acetone so-

lution was added dropwise into the above mixtures under

continuous stirring at room temperature. Thirty minutes

later, the resulted mixtures were poured into a Teflon-lined

autoclave and heated at 200 �C for 24 h. The obtained pre-

cipitates were washed with ethanol and deionized (DI) water

several times and then dried at 60 �C for 6 h. The final products

were denoted as Fe2O3-PDA.

Synthesis of Fe2O3/NPCS and Fe2O3/PCS

For the preparation of series of Fe2O3/NPCS-T (T ¼ 800, 900,

1000 and 1100 �C) catalysts, 200 mg of the as-prepared Fe2O3-

PDA and melamine (mass ratio for 1/2) were evenly mixed by

grinding. The resulting products were transferred into a por-

celain boat and annealed at 250 �C under the N2 atmosphere

for 3 h. Then, it was further heated to a specific temperature

(800, 900, 1000 or 1100 �C) with a heating rate of 5 �Cmin�1 and

maintained at the temperature for 2 h. The as-obtained

samples were denoted as Fe2O3/NPCS-800, 900, 1000 and

1100. Moreover, the different mass ratios of Fe2O3-PDA and

melamine (1/1 and 1/3) were also used to prepare Fe2O3/NPCS-

1000 by the similar process described above. For the compar-

ison, the Fe2O3/PCS-1000 material was fabricated by direct

calcination of Fe2O3-PDA at 250 �C for 3 h and subsequent at

1000 �C for 2 h under the N2 atmosphere.

Characterization

Scanning electronmicroscopy (SEM, Quanta FEG 200, Holland)

and transmission electron microscopy (TEM, JEOL, JEM-2100F)

were used to investigate the morphologies and microstruc-

tures of the designed materials. Raman spectroscopy was

acquired from an inVia confocal Raman microscope

(Renishaw, England). X-ray powder diffraction (XRD) data was

detected by a D/Max 2500 V PC with Cu Karadiation from

Rigaku. The chemical states of the samples were examined by

X-ray photoelectron spectroscopy (XPS, model: JPS-9010 TR

Photoelectron Spectrometer, Japan). The nitrogen content in

the hybrid catalysts was analyzed by an elemental analyzer

(PE2400II). The specific surface areas of the as-prepared

products were measured on a Quantachrome Autosorb AS-1

instrument, and the pore size distributions were derived

from the desorption branches of the isotherm with the

Barrett-Joyner-Halenda (BJH) model. Thermal gravimetric

measurement was made on a TGA/STA409 PC module with a

rising temperature rate of 2.5 �C min�1 from 38 to 1000 �C
under continuous O2 flow.

Electrochemical measurements

The ORR activities of the as-prepared catalysts were studied

by an electrochemical workstation of Biologic VMP3 with a

typical three-electrode system in N2e or O2-saturated 0.1 M

KOH electrolyte. A rotating disk (glassy carbon, GC) electrode

with a diameter of 4 mm, Pt wire and Ag/AgCl electrode were

used as working, counter and reference electrodes, respec-

tively. The GC electrodes were polished with aluminum

powder, cleaned in sulfuric acid, ethanol and water
subsequently for three times before use. The working elec-

trode were prepared as follows: 2 mg of the as-synthesized

catalyst powder was ultrasonically dispersed into 400 mL

(Vwater:V2-propanol:VNafion ¼ 4:1:0.025) aqueous solution. Thirty

minutes later, 10 mL of the catalyst inks were pipetted onto

several glassy carbon (GC) electrodes and further dried at

room temperature. The loading of the catalyst on GC electrode

is ca. 0.4 mg cm�2 and the Pt loading on GC electrode is ca.

0.08 mg cm�2.

The cyclic voltammograms (CV) measurements were

recorded in N2e or O2-saturated 0.1 M KOH electrolyte with a

scan rate of 50 mV s�1. The liner sweep voltammetry (LSV)

curves were conducted at a scan rate of 10 mV s�1 with a

rotating speed from 400 to 2500 rpm in O2-saturated 0.1 M

KOH. The chronoamperometric curves were operated at a

constant potential of 0.56 V (vs. RHE) in O2-saturated 0.1 M

KOH. All potentials (vs. Ag/AgCl) in this work were calibrated

to the RHE by the average CV curves of the two potentials at

which the current crossed zero (0.960 V) was taken to be the

thermodynamic potential in H2-saturated 0.1 M KOH (Fig. S1).

The result is lower than E(RHE) ¼ E(Ag/AgCl) þ 0.197 þ 0.059

pH ¼ E(Ag/AgCl) þ 0.964 V. All curves were reported here

without iR compensation and all the electrochemical tests

were performed at room temperature (25 ± 1 �C).
The Koutecky-Levich (K-L) plots of all catalysts were created

from LSV curves to evaluate the electron transfer number (n)

and kinetic current density (JK), in which the n per O2 molecule

and JK in ORR can be collected according to the following

equations [24]:

B ¼ 0:62nFCoD
2=3
o v�1=6 (1)

1=J ¼ 1=Jk þ 1=JL (2)

1=J ¼ 1=JK þ 1
�
Bu1=2 (3)

where J is the measured current density, JK and JL are the ki-

netic and diffusion-limited current densities. n is the electron

transfer number per molecule of O2, F is the Faraday constant

(96485 C mol�1), C0 is the bulk concentration of oxygen

(1.2 � 10�3 mol L�1), D0 is the diffusion coefficient of oxygen in

the bulk solution (1.9 � 10�5 cm2 s�1), v is the kinematic vis-

cosity (v ¼ 0.01 cm2 s�1), and u is the angular velocity of the

disk (u ¼ 2pN, N is the linear rotation speed).

Ring-rotated disk electrode (RRDE) test was also carried out

on the Fe2O3/NPCS-1000 electrode with the rotating speed

fixed at 1600 rpm. The corresponding electron transfer num-

ber (n) and H2O2 yield were calculated from the following

equation:

H2O2ð%Þ ¼ 200�
IR
N

IDþIR
N

(4)

The electron transfer number (n) was calculated from the

following equation:

n ¼ 4� ID
ID þ IR

N

(5)

Where ID and IR mean the disk and ring currents, respectively,

n denotes the electron transfer number in the ORR perfor-

mance test, and N is the collection efficiency (0.37).
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Results and discussion

Synthesis strategy analysis

The schematic preparation of Fe2O3/NPCS materials at

different temperatures are shown in Scheme 2. Firstly, the

Fe2O3-PDA composite are obtained by a solvothermal

decomposition in acetone solution, where ferrocene, dopa-

mine hydrochloride, and CTAB are respectively used as iron

precursor, carbon source, and structure directing agent. Dur-

ing the pyrolysis process, the ferrocene is gradually oxidized

by oxygen resulted from acetone decomposition to form Fe2O3

species [25], which are subsequently coated by self-

polymerized dopamine [26,27], thereof controlled the crystal

growth of Fe2O3 effectively. Consequently, the ultra-small

Fe2O3 clusters are uniformly dispersed in the carbon matrix.

The resulting precipitate (Fe2O3-PDA) was filtered and calci-

nated with melamine under constant N2 flow in the temper-

ature range of 800e1100 �C for 2 h to obtain Fe2O3/NPCS. The

optimal Fe2O3-PDA/melamine ratio prior to the calcination at

1000 �C regarding ORR activity is found to be 1:2. Note that

Fe2O3/NPCS refers to calcined products at 1000 �C unless

otherwise specified.

Crystal structures, compositions and thermal analysis

The crystal structures of the obtained products are char-

acterized by powder X-ray diffraction (XRD) patterns. As

shown in Fig. 1a, the XRD pattern of Fe2O3/PCS exhibits

three groups of crystalline-diffraction peaks, where the two

peaks at ca. 26.1 and 40.9� are corresponding to the char-

acteristic peaks of graphitic carbon (002) and (100) diffrac-

tions [28,29], the characteristic peaks at ca. 24.2, 33.2 and

49.5� are ascribed to the rhombohedral hematite (Fe2O3,

JCPDS: 33e0664). The last group of peaks are assigned to the

crystal planes of the cubic maghemite (Fe2O3, JCPDS:

39e1346) [30]. Interestingly, the diffraction pattern of

graphitized carbon became almost invisible after pyrolysis

under nitrogen indicating the graphitized carbon structure

has been modified. Moreover, all other the diffraction pat-

terns of Fe2O3 in the Fe2O3/NPCS become much weaker and
Scheme 2 e Schematic diagram of the reacti
broader than those of Fe2O3/PCS indicating inhibition of the

crystal growth and agglomeration of Fe2O3 resulted from N-

doping. In addition, the effect of the high temperature on

the crystal structure of the iron oxide species is also

investigated (Fig. S2). The XRD results indicate that some of

Fe2O3 species have been reduced to the FeO and Fe3O4

which is also confirmed by XPS.

Raman spectra are also used to analyze the structural in-

formation and the degree of the graphitization on the sam-

ples. As shown in Fig. 1b, the Raman shifts at 1345 and

1599 cm�1 are attributed to the D-band and G-band respec-

tively, where the D-band stands for defect and G-band rep-

resents the crystallization degree of the sp2 hybrid carbon

atoms [31]. Therefore, the degree of the graphitization can be

found quantitatively by the intensity ratio of the D to G bands

(ID/IG). The ID/IG values are increased from 0.92 to 0.95 after N-

doping indicating a higher level of defect formation. This

phenomena results more nitrogen binding sites for the for-

mation of FeeN active site and subsequently improves the

ORR performance. Althoughmore defect can be resulted at the

higher temperature (Fig. S3), the favorable catalyst configu-

ration may also be altered thereof resulting in the decline of

ORR activities. The 1000 �C is found to be the optimal

annealing temperature.

The specific surface area and the porosity of Fe2O3/NPCS

are also investigated by Brunauer-Emmett-Teller (BET) gas-

sorption measurements (Fig. 1c). The N2 adsorption-

desorption isotherms at 77 K shows a type IV isotherm

with a distinct hysteresis loop at relative pressures (P/Po) of

ca. 0.4 to 1.0 [30,32]. The BET specific surface area, pore vol-

ume and average pore size of Fe2O3/NPCS are ca. 592.0 m2 g�1,

1.1 m3 g�1 and 19.0 nm respectively. A highly active ORR

performance is expected due to the high surface area and

porosity [33].

The iron oxide content is measured by TG and DTG curves

of Fe2O3/NPCS (Fig. 1d). The two distinct peaks at 65.4 and

484.5 �C in the temperature range of 38e1000 �C are associated

with the loss of moisture and carbons, respectively. The total

weight loss of ca. 54.9 wt % shows that the mass content of

Fe2O3 species in the hybrid catalyst is ca. 45.1 wt %. Moreover,

the N contents of the same samples after different annealing

temperature are also analyzed at various temperatures. As
on process for synthesizing Fe2O3/NPCS.

https://doi.org/10.1016/j.ijhydene.2019.03.068
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Fig. 1 e (a) X-ray diffraction patterns and (b) Raman spectrum of Fe2O3/PCS and Fe2O3/NPCS. (c) Nitrogen

adsorptionedesorption isotherms with the pore size distribution curves by the BJH method (inset) of Fe2O3/NPCS. (d)

Thermal gravimetric (TG) analysis and derivative thermal gravimetry (DTG) curves of Fe2O3/NPCS in O2 atmosphere with a

rising temperature rate of 2.5 �C min¡1.
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expected, the N content in the hybrid catalysts decreases

gradually with the increase of the calcination temperature

meanwhile the N content increases with the increase of the

amount of the nitrogen source (melamine) at the same calci-

nation temperature (Table S1).

Microstructures analysis

Scanning electron microscopy (SEM), transmission electron

microscopy (TEM) and high-resolution transmission electron

microscopy (HRTEM) images provide insight into the mor-

phologies and structures of Fe2O3-PDA and Fe2O3/NPCS. Fig. 2a

shows a well-defined and uniformly distributed spheres with

an average diameter of ca. 1.2 mm. The high-magnification

SEM image shows that the surface of both spherical Fe2O3-

PDA and Fe2O3/NPCS nanoclusters. The average gap between

them is about 12.0 nm (Fig. 2aeb inset, Fig. S4a-4b). Fig. 2c

(inset) exhibits well-defined lattice fringes with a lattice

spacing of 0.48 nm, which is corresponding to the (111) plane

of Fe2O3. This type of nano andmacro porous structure creates

a high level of porosity that is also proved by the TEM image

(Fig. 2c) of Fe2O3/NPCS where the spheres are translucent. The

high-resolution TEM shows that the average particle size of

the Fe2O3 nanoclusters is ca. 4.2 nm, apart from some large

agglomerations (Fig. S4c-4d). Moreover, the black pixels of

Fe2O3 are evenly distributed throughout the structures, indi-

cating the embedded Fe2O3 species are well dispersed in the

porous structure of the N-doped carbon sphere. Additionally,

the HAADF-STEM and corresponding elemental mapping im-

ages demonstrate the uniform distribution of C, N, Fe and O in

the Fe2O3/NPCS, displaying nano level of dispersions of both N

and Fe2O3 species in the hybrid material.
XPS analysis

X-ray photoelectron spectroscopy (XPS) is further employed to

probe the surface compositions of Fe2O3/PCS and F2O3/NPCS,

where the C, O, and Fe are detected in both samples, while the

N is only observed in the Fe2O3/NPCS material (Fig. S5a), sug-

gesting a successful N-doping into the porous carbon matrix.

Note that the core level of C 1s is deconvoluted into C]C, CeC

and CeO at 284.0, 284.8 and 286.0 eV as correction standard

(Fig. S5b) [34,35]. The high temperature is proven to enhance

ORR activity owing to the formation of iron ion coordinated by

nitrogen (FeeN4) active site structure that bridges the two

adjacent graphitic crystallite [36]. The formation of bridging

structure is mostly possible with either pyridinic or quater-

nary (graphitic) nitrogen heteroatoms. The high-resolution N

1s spectrum of the Fe2O3/NPCS reveals that peaks at 398.2,

399.9, 401.1 and 403.7 eV are corresponding to the pyridinic-N,

the pyrrolic-N, graphitic-N and the oxidized-N, respectively

(Fig. 3a) [37]. Although some reports show the improved ORR

performance upon N doping, the actual mechanism is still not

very clear [38]. However, it is widely accept that enhancedORR

activity has something to do with Lewis-basicity of the nitro-

gen next to the pyridinic N [39]. Therefore, the high pyridinic N

content (44.3%, Table S2) is a direct indication of high numbers

of active sites in Fe2O3/NPCS. Apart from the positive effect of

high-density FeeN4 bridging structure, the other reason to

improve ORR activity is using heat treatment to positively

shift the redox potential of the central iron ions thus offering a

higher number of Fe(II) active sites [11]. As shown in Fig. 3b,

the high-resolution Fe 2p spectra of Fe2O3/PCS and Fe2O3/

NPCS are deconvoluted into four pairs of peaks [40]. Both

Fe(III) and Fe(II) oxides are described as high spin, leading to

https://doi.org/10.1016/j.ijhydene.2019.03.068
https://doi.org/10.1016/j.ijhydene.2019.03.068


Fig. 2 e Typical SEM and high-magnification SEM images (inset) of (a) Fe2O3-PDA and (b) Fe2O3/NPCS. (c) TEM and high-

resolution TEM images (inset) of Fe2O3/NPCS. (d) HAADF-STEM image of Fe2O3/NPCS and corresponding element mapping

images of C (blue), N (red), Fe (yellow) and O (green). (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

Fig. 3 e High-resolution XPS spectra of (a) N 1s region of Fe2O3/NPCS and commercial FePc. (b) Fe 2p regions of Fe2O3/NPCS,

Fe2O3/PCS and FePc.
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complex multi-split Fe 2P spectra. In the Fe 2p3/2 region, the

peaks at 709.5 and 710.8 eV are assigned to Fe(II) and Fe(III)

species, and the rest of two peaks are located as satellite peaks

accordingly [41]. The content of Fe(II) increased noticeably in

the Fe2O3/NPCS (21.0%) indicating a higher concentration of

Fe(II)eN4 active sites compare to that of Fe2O3/PCS (12.8%),

therefore, a higher ORR activity is expected.

Electrochemical analysis

Linear sweep voltammetry (LSV) measurements are per-

formed to test the electrochemical activity of Fe2O3/NPCS,

together with Fe2O3/PCS and commercial Pt/C with the rota-

tion disk electrode (RDE) at 1600 rpm with a scan rate of

10 mV s�1. As shown in Fig. 4a, the LSV curve of Fe2O3/NPCS
catalyst exhibits superior ORR activity with a positive onset

potential (Eonset) of 1.06 V, half-wave potential (E1/2) of 0.95 V

and the peak potential (Ep) of 0.86 V in 0.1 M KOH. All these

parameters are significantly higher than that of Pt/C (20 wt %),

Fe2O3/PCS and series of Fe2O3/NPCS-based catalysts synthe-

sized by different methods (Fig. S6). Notably, the E1/2 of the

optimized Fe2O3/NPCS catalyst shows the significant positive

shift of 90 mV over Pt/C (20 wt %) catalyst which is the highest

catalysts reported so far. In addition, the Fe2O3/NPCS catalyst

reveals a superior ORR performance than those of the previ-

ously reported works (Table S3). Furthermore, the superior

ORR activity of Fe2O3/NPCS is further verified by the Tafel plots

obtained from the polarization curves with a slope value of

45.3 mV dec�1, which is around 6% lower than that of com-

mercial 20 wt% Pt/C (48.4 mV dec�1) and Fe2O3/PCS (58.7 mV

https://doi.org/10.1016/j.ijhydene.2019.03.068
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Fig. 4 e (a) LSV curves and (b) corresponding Tafel plots of Fe2O3/PCS, Fe2O3/NPCS and commercial Pt/C catalysts with a

rotation rate of 1600 rpm in O2-saturated 0.1 M KOH solution. (c) Summarized JK of different catalysts. (d) Electron transfer

number and H2O2 yield of Fe2O3/NPCS at a rotation rate of 1600 rpm.
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dec�1). The lower Tafel slope implies a faster kinetics due to

the higher JK (Fig. 4b) [42].

The LSV curves for ORR on the Fe2O3/NPCS at different

rotation speeds are displayed in Fig. S7. The limiting current

density in the LSV curves increases rapidly with the increase

of rotation speed due to a smaller diffusion layer at high

speeds. According to the Koutecky�Levich (K�L) equation, the

K�L plots of Fe2O3/NPCS obtained from the LSV curves exhibit

a good linear relationship showing a first-order reaction ki-

netics with the electron transfer numbers (n) of ca. 3.97 in the

potential range of 0.4e0.8 V (Fig. S7 inset). These results

indicate that the ORR mechanism of Fe2O3/NPCS follows the

four-electron pathway (Fig. S8) [43]. Besides, the kinetic cur-

rent density (JK) of Fe2O3/NPCS is determined to be

31.8 mA cm�2 (at 0.9 V) by the K�L equation, which is nearly

3.6- and 1.3-fold higher than that of Fe2O3/PCS and Pt/C cata-

lysts (Fig. 4c), respectively.

The ORR four-electron pathways were also determined by

RRDE measurement. The percentage of peroxide species with

respect to the total oxygen reduction products and the elec-

tron transfer number (n) are calculated from the RRDE curves,

and the results are shown in Fig. 4d. The average yield of

peroxide species for the Fe2O3/NPCS catalyst was about 5.0%

over the measured potential range from 0.2 to 0.8 V. The

electron transfer number calculated from the RRDE mea-

surementswas over 3.85 for Fe2O3/NPCS. The results indicated

that an approximate four electronmechanism on Fe2O3/NPCS,

which are consistent with the RDE test.

To investigate the stability of FeeN4 active sites, thiocya-

nate (SCN�) ions introduced to monitor the effect of SCN� on

ORR activity. In general, the SCN� tend to poison the FeeN4

active sites [44,45]. As shown in Fig. 5a, there is a negligible

influence on the ORR performance of Fe2O3/NPCS catalyst

after KSCN was added into the electrolyte, indicating that the

FeeN4 species are very well protected and stable.
Furthermore, chronoamperometry measurements are also

applied for investigating methanol resistance of Fe2O3/NPCS

and commercial Pt/C (20 wt %) catalysts. After adding 3.0 M

methanol at 200 s (Fig. 5b), almost no change is observed in the

relative current curve of Fe2O3/NPCS catalyst. In contrast, a

none reversible sharp decay in the relative current of Pt/C

(20wt%) is observed owing to the electrochemical oxidation of

methanol on Pt surface [46]. The superior performance of

Fe2O3/NPCS is attributed to the CeN shell-coated iron oxide

stabilized FeeN4 active sites avoiding direct contact with

methanol.

Besides the catalytic activity, the long-term stability is

another vital factor for the large-scale application of fuel

cell technologies. In order to assess the stability of the

catalyst, we initially investigated the electrochemical

durability of the Fe2O3/NPCS by cycling the potential be-

tween 0.6 V and 1.2 V (vs. RHE) in O2-staurated 0.1 M KOH at

50 mV s�1 [47]. As shown in Fig. 5c, the E1/2 of Fe2O3/NPCS

shows a small negative shift of ~16 mV after 2000 cycles. In

contrast, the E1/2 of the Pt/C (20 wt %) catalyst show obvious

negative shift (~66 mV) under the same conditions (Fig. 5d).

Meanwhile, the chronoamperometry test was also per-

formed at 0.6 V in O2-saturated 0.1 M KOH solution with a

rotation rate of 1600 rpm for 20 h. As displayed in Fig. 5e,

the Fe2O3/NPCS catalyst maintained a higher and stable

initial and final relative current than those of commercial

Pt/C (20 wt %). Notably, the Fe2O3/NPCS catalyst keeps ca.

82.4% activity, which is significantly higher than that of the

commercial Pt/C (20 wt %, retention ca. 63.3%) after 20 h.

The high catalytic activity and long-term stability are

mostly related to the two factors namely well-protected Fee

N4 active sites and the porous sphere structures. The

porous carbon frame not only creates mechanical integrity

and good conductivity but also manifests a high degree of

accessibility towards the active sites.
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Fig. 5 e (a) LSV curves of SCN¡ poison measurement on Fe2O3/NPCS before and after adding 3.0 mL of 10 mM KSCN into O2-

saturated 0.1 M KOH (40 mL). (b) Chronoamperometric response of Fe2O3/NPCS and Pt/C (20 wt %) catalysts at 0.60 V with

addition of 2.0 mL of 3 M methanol at ca. 200 s. LSV curves of (c) Fe2O3/NPCS and (d) Pt/C for ORR in O2-saturated 0.1 M KOH

before and after 2000 cycles at a scan rate of 50 mV s¡1 between 0.6 V and 1.2 V vs RHE. (d) Long-term durability test of

Fe2O3/NPCS and Pt/C for 20 h in O2-saturated 0.1 M KOH at 1600 rpm.
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Catalytic mechanism analysis

To further explain the enhanced ORR performance of Fe2O3/

NPCS catalyst, we proposed a four-step ORRmechanism in the

alkaline solution as shown in Scheme 3. Step 1: anO2molecule

is adsorbed on the active site of FeeN4 to form O2* [O2(g) þ */

O2*] [48]. Step 2: the O2* is reduced to OOH* [O2*þH2O(l)þ e�/
Scheme 3 e The proposed catalytic mechanism of
OOH* þ OH�] [39]. Step 3: the OeO bond of OOH* is broken to

form O* [OOH* þ e� / O* þ OH�] which is reduced sponta-

neously by the adsorbed H2O to form *OH at the active site

[O* þ H2O(l) þ e� / OH* þ OH�] [49]. Step 4: the surface

adsorbed *OH dissolves as OH� species and leaves the surface

[OH* þ e� / OH� þ *].
Fe2O3/NPCS catalyst for ORR in alkaline media.
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Conclusions

In summary, three-dimensional porous N-doped carbon

spheres embedded with evenly dispersed Fe2O3 nanoclusters

(Fe2O3/NPCS) has been synthesized by direct calcination of the

mixture of Fe2O3-PDAmicrospheres andmelamine. The Fe2O3-

PDA microspheres are fabricated by a facile in-situ dopamine

polymerization method. The formed Fe2O3/NPCS catalyst

possesses a high specific surface area (ca. 592.0 m2 g�1) and

Fe2O3 nanoclusters content (ca. 45.1 wt %). The both XRD and

XPS analysis disclose thehighest content of Fe(II)eN4 species is

estimated in themost activeORR catalyst (Fe2O3/NPCS) and the

well protected FeeN4 active sites are inert to SCN�. Electro-
chemical studies reveal that theFe2O3/NPCSexhibits a superior

electrochemical activity toward ORR compared to the state-of-

the-art Pt/C catalyst, including positive onset potential (1.05V),

high half-wave potential (0.95 V), high kinetic current density

(31.8 mA cm�2 at 0.7 V) and low Tafel slope (45.3 mV dec�1).

Meanwhile, the Fe2O3/NPCS catalyst also demonstrates an

outstanding long-term stability andmethanol tolerance ability

during the ORR measurement. The superior ORR activity and

stability of Fe2O3/NPCScatalyst as compared to thecommercial

Pt/C could be attributed to the synergic effects of (1) FeeN4

active sites that protected by iron oxide/NeC shell; (2) the

highly porous and well-defined spherical outer shell permits

the electron tunneling as well as the oxygen diffusion. In

conclusion, this work demonstrates a simple protection

method of FeeN4 active sites through iron oxide/NeC encap-

sulation. This facile approach may open a door to developing

Pt-free catalyst for the commercial application.
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