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Abstract 

The exploration of a noble-metal-free and nitrogen-doped carbon (M–N/C) composite electrocatalyst for the oxygen 
reduction reaction (ORR) remains a great challenge. The activities of the M–N/C composite electrocatalysts are mainly 
affected by the metal active sites, pyridinic nitrogen, and graphitic nitrogen. In the present work, the iron-coordinated 
self-assembly is proposed for the preparation of iron-chelating pyridine nitrogen-rich coordinated nanosheet (IPNCN) 
composites as electrocatalysts. Due to the highly conjugated structure of the IPNCN precursor, the pyridine nitrogen 
elements at both ends of the tetrapyrido [3,2-a:2’,3’-c:3’’,2’’-h:2’’’,3’’’-j] phenazine (TP) provide the multiple ligands, and 
the coordination interactions between the irons and the pyridine nitrogen further improve the thermodynamic stabil-
ity, where the metal active sites and nitrogen elements are uniformly distributed in the whole structure. The result-
ant IPNCN composites exhibit excellent ORR performance with an onset potential of 0.93 V and a half potential of 
0.84 V. Furthermore, the IPNCN composite electrocatalysts show the higher methanol resistance and electrochemical 
durability than the commercial Pt/C catalysts. It could be convinced that the as-designed IPNCN composite catalysts 
would be a promising alternative to the noble metal Pt-based catalysts in the practical applications.
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Electrochemical durability

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Introduction
The development of highly efficient electrocatalysts 
for energy technology has been becoming a matter of 
urgency as the worldwide depletion of fossil fuels and 
the growing demand in energy source. An enormous 
amount of research has been devoted for developing the 
non-noble oxygen reduction reaction (ORR) catalysts 
[1, 2]. The ORR is the crucial electrochemical process of 
the energy storage and the conversion devices, including 

the alkaline fuel cells, metal-air batteries, and proton 
exchange membrane fuel cells [3, 4]. The Pt-based cata-
lysts are the most effective electrocatalysts for the ORR 
due to their relatively high current densities and low 
overpotentials [5, 6]. However, the high cost, sluggish 
reaction kinetics, poor methanol tolerance, and electro-
chemical durability have been limiting their large-scale 
applications in commercialization. Therefore, it is of cru-
cial importance to explore the efficient non-noble metal 
catalysts with high ORR catalytic performance.

The metal-nitrogen/carbon (M–N/C, M = Fe, Co, 
and Ni, etc.) electrocatalysts are the most potential 
composite materials to replace the Pt-based catalysts 
since the relatively low price, the abundant reserve, 
the outstanding ORR catalytic performance, and the 
high stability [7–9]. The metal ions can serve as the 
catalytic centers, while the heteroatoms boost the 
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electrocatalytic activity. The doped nitrogen can facil-
itate the formation of the active N–C functional sites 
[10, 11]. The pyridinic nitrogen (pyridinic-N) and the 
graphitic nitrogen (graphitic-N) are able to create the 
active sites which are considered to be more impor-
tant factor in the ORR process [12–14]. However, the 
M–N/C composite catalysts generally meet several key 
problems, such as the structural damage and instability 
after carbonization, the low content of pyridinic-N and 
graphitic-N, and the difficulty in uniform distribution, 
etc. Therefore, it is necessary to design and prepare the 
stable M–N/C precursors from the molecular level with 
high content of pyridinic-N and graphitic-N to get the 
uniformly dispersed active sites.

In the present work, a convenient and stable self-
templated method was developed to prepare the elec-
trocatalysts of the iron-chelating pyridine nitrogen-rich 
coordinated nanosheet (IPNCN) composites. The 
IPNCN composites are capable of retaining the struc-
tural stability during carbonization since that the ligand 
unit of the tetrapyrido [3,2-a:2’,3’-c:3’’,2’’-h:2’’’,3’’’-j] 
phenazine (TP) is a fully conjugated rigid plane and is 
easily organized into the rigid polymers based on the 
coordination interactions. The TP has high nitrogen 
content and is rich in pyridine nitrogen from the struc-
ture design at molecular level, which can be evenly 
distributed in the whole skeleton of the coordination 
polymers. The pyridine nitrogen at both ends of the 
TP can form the cross-linked centers with the metal 
coordination interactions, while the highly conjugated 
structure of the TP can also create more active sites to 
effectively improve the electrical conductivity. In addi-
tion, the metal atoms also provide uniform and stable 
catalytic active sites for the ORR. Benefiting from the 
high content of the pyridinic-N and uniformly dis-
tributed active sites, the IPNCN composites exhibit 
the excellent electrocatalytic activity for the ORR and 
superior tolerance to methanol in comparison with the 
commercial Pt/C catalysts.

Experimental
Materials
The 1,10-phenanthroline-5,6-dione and ferrous chlo-
ride tetrahydrate  (FeCl2·4H2O, ≥ 99%) were purchased 
from Shanghai Titan Scientific Co., Ltd. The ammonium 
acetate (> 97.0%) and sodium hydrosulfite (> 85.0%) were 
purchased from TCI (Shanghai) Development Co., Ltd. 
The hydrochloric acid (HCl, 37%), ethanol, and methanol 
were purchased from the Sinopharm Chemical Regent. 
The deionized (DI) water was used throughout the exper-
iments. All the purchased chemicals were used directly 
without further purification.

Preparation of the TP
Typically, the 1,10-phenanthroline-5,6-dione 1.45  g 
(6.9  mmol), sodium hydrosulfite 0.15  g (0.86  mmol), 
and ammonium acetate (15  g) were first placed into a 
dry round bottomed flask under argon, and then heated 
to 180  °C for 4 h with occasional stirring. After cooling 
to room temperature, the reaction mixtures were added 
into deionized water (20  ml). Then, the collected pre-
cipitations were washed with methanol and water. The 
obtained products were triturated in refluxing ethanol 
(50 ml) and filtered immediately, and then washed with 
ethanol and dried under vacuum. Yield: 0.92  g (63.5%). 
MALDI-TOF mass calculated for  C24H12N6 [M +  H]+, 
385.11; found 384.8282. 1H NMR (400  MHz,  CDCl3): δ 
(ppm) 9.67 (d, J = 7.8  Hz, 4H), 9.37 (d, J = 2.9  Hz, 4H), 
7.87 (dd, J = 7.8, 4.1 Hz, 4H). 13C NMR (100 MHz,  D2O) δ 
(ppm) 151.09 (s), 144.95 (s), 137.14 (s), 129.07 (s), 122.51 
(s), 119.72 (s).

Preparation of the IPNCN
The different contents (mass or mole) of TP and 
 FeCl2·4H2O were added into the ethanol/water 
(25  ml/25  ml) mixtures. For example, the TP (61  mg, 
0.16  mmol) and  FeCl2·4H2O (32  mg, 0.16  mmol) were 
used to prepare the samples with TP/Fe2+ ≈ 1/1. After 
stirring for 10 min, the mixtures were transferred into the 
80 mL Teflon-lined stainless-steel autoclave and heated at 
90 °C for 24 h. After being collected by filtration, washed 
with deionized water and ethanol, and then dried at 60 °C, 
the obtained products were heated-treated under the  N2 
(99.99% Air Liquide) from 30 °C to 750 °C, 800 °C, 850 °C, 
and 900  °C with a ramp of 5  °C/min by remaining the 
temperature for 2  h. Next, the pyrolyzed products were 
cooled to room temperature and stirred in the 1  mol/L 
HCl for 12  h to remove the free metal particles [15]. 
Finally, the pyrolyzed products were collected by filtra-
tion, washed with deionized water for several times, and 
then dried at 60 °C. The yield of IPNCN-2–750, IPNCN-
2–800, IPNCN-2–850, and IPNCN-2–900 was 55.7%, 
53.9%, 51.3%, and 48.8%, respectively (Table S1).

Characterizations
The morphologies of the precursors and pyrolyzed prod-
ucts were characterized by the field-emission scanning 
electron microscopy (FESEM, JEOL S-4800). The Fou-
rier transform infrared (FT-IR) spectra in a wavenum-
ber range from 4000 to 600  cm−1 were measured by the 
Thermo Nicolet 6700 FT-IR Laboratory Spectrometer. 
The structures of the monomers were determined by 
the 1H NMR spectrum, the 13C NMR spectrum, and the 
MALDI-TOF mass spectrum. The 1H NMR and 13C NMR 
spectra were recorded on a Bruker model Bruker AV-400 
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spectrometer, operating at 400  MHz and 100  MHz, 
respectively. The matrix-assisted laser desorption ioni-
zation time-of-flight mass spectrometry (MALDI-TOF 
mass spectrum) was performed on an AB Sciex model 
Sciex 4800 plus MALDI-TOF analyzer, using dithranol 
as the matrix. The  N2 adsorption–desorption isotherms 
of the IPNCN composite materials were obtained by the 
Micromeritics ASAP-2020 at 77  K. The surface areas 
and pore size distributions of the tested samples were 
calculated by the Brunauer–Emmett–Teller (BET) and 
nonlocal density functional theory method. The X-ray 
photoelectron spectrometer measurements were con-
ducted on a photoelectron spectrometer. The tube fur-
nace (OTF-1200X) was used for pyrolysis of IPNCN.

Electrochemical measurements
The electrochemical measurements were carried out on 
a CHI 660C electrochemical workstation with a three-
electrode cell (CHI600C, Shanghai, China). The working 
electrodes were formed by mixing the samples (5  mg) 
with ethanol (350 μL) and Nafion (95 μL) (5 wt%) by 
sonication 15 min to prepare homogeneous catalyst inks. 
Then, working electrode was prepared by depositing the 
catalyst ink onto rotating disk electrode (5 mm in diam-
eter). The Ag/AgCl (3  mol/L) electrodes and graphite 
rods were employed to act as the reference and counter 
electrodes, respectively. All the initially tested potentials 
were converted to a reference hydrogen electrode (RHE) 
following the Eq. (1):

The cyclic voltammetry (CV) tests were performed 
from -0.2 to 1.2 V (vs. RHE) at a scan rate of 50 mV/s. The 
linear sweep voltammetry (LSV) was measured from 0 
to 1.2 V (vs. RHE) at a scan rate of 5 mV/s with a rotat-
ing speed from 800 to 2400 rpm under the  O2-saturated 
circumstance. The current–time (i-t) tests were evaluated 
with 1600  rpm at 0.69  V in the  O2-saturated 0.1  mol/L 
KOH solution. The number of the transferred electrons 
(n) was calculated by the Koutecky-Levich Eqs.  (2) and 
(3) described as follows.

where the J, Jk, ω, n, F, D0, v, and CO2
 is the experi-

mentally obtained current, the mass-transport free 
kinetic current, the rotation rate (rpm), the number 
of the transferred electrons, the Faraday’s constant 
(96,485 C/mol), the diffusion coefficient of oxygen 

(1)ERHE = EAg/AgCl + 0.197 + 0.059 × pH

(2)
1

J
=

1

JK
+

1

Bω1/2

(3)n =
B

0.2F(D0)
2/3(V )−1/6CO2

(1.9 ×  10–5 cm/s, 0.1 mol/L KOH), the kinematic viscos-
ity of the electrolyte (0.01  cm2/s), and the concentra-
tion of molecular oxygen in the 0.1 mol/L KOH solution 
(1.2 ×  10–3 mol/L), respectively.

Results and discussion
The iron-chelating pyridine nitrogen-rich coordinated 
nanosheet (IPNCN) composites were fabricated through 
a convenient process, as schemed in Fig. 1a and b. The 
structures of the TP were determined by the MALDI-
TOF mass spectrum (Fig.  1c), 1H NMR spectrum (Fig. 
S1a), and 13C NMR spectrum (Fig. S1b). A significant 
peak at 384.8 m/z was found in the MALDI-TOF mass 
spectrum (Fig. 1c), which is consistent with the molecule 
weight of the TP. The 1H NMR spectrum (Fig. S1a) in the 
 CDCl3 (1 ×  10–3  mol/L) at 25  °C displayed three highly 
resolved signals in the aromatic region, correspond-
ing to the skeleton protons. In the solid-state 13C NMR 
spectrum (Fig. S1b), the overlapping signals from 120 to 
150 ppm belong to the aromatic carbons in the skeleton 
[16]. These results demonstrated that the novel organic 
ligands were successfully synthesized. The TP monomers 
contain up to 21.9% nitrogen element and both ends are 
pyridine nitrogen which can be coordinated with  Fe2+, 
so that the TP and  Fe2+ are alternately connected to 
form the coordination polymers with periodic repetitive 
structure units. The IPNCN precursors could be easily 
formed because of the strong coordination interactions 
between the nitrogen elements and the metal ions under 
high temperature and high pressure [17]. The coordina-
tion polymer of IPNCN was determined by the MALDI-
TOF mass spectrum. Taking the peak at 1705 m/z as an 
example, the polymers contain four monomers of TP 
and three monomers of Fe (Fig. S2). The TP and IPNCN 
composites were further characterized by Fourier trans-
form infrared spectra (FT-IR) (Fig.  1d). A new absorp-
tion band at 1022  cm−1 for the IPNCN (TP/Fe2+  = 1/1) 
composites was observed to be assigned to the charac-
teristic of Fe–N bonds, indicating that the coordination 
polymers are successfully formed [18]. Also, the litera-
ture [19] and the Gaussian calculations have showed that 
the main skeleton of the TP is planar. Also, the coordi-
nation form of Fe–N bonds can be further proven by 
Gaussian calculations. The details of the Gaussian com-
putational method, cartesian coordinates, and electronic 
energies for all the complexes calculated in the present 
study were presented in “S3. Gaussian calculations” in 
the Supporting Information. In the process of coordi-
nation with  Fe2+, which plays a key role in connecting 
points, the different angles can be formed and covered 
between the planes, resulting in a change in thickness 
and length of nanosheet.
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To obtain the coordination polymers with different 
degree of reaction, the different mole ratios of TP to  Fe2+ 
were adjusted among TP/Fe2+  = 2/1, TP/Fe2+  = 1/1, 
and TP/Fe2+  = 1/2, named as IPNCN-1, IPNCN-2, 
and IPNCN-3, respectively. The IPNCN samples burn-
ing at different calcinate temperatures were denoted as 
IPNCN-1–850, IPNCN-2-X (X = 750, 800, 850, and 900), 
and IPNCN-3–850, where the last character of X stands 
for the calcinate temperature. The TP-850 represents the 
TP samples which do not coordinate with metals and are 
calcined at 850  oC. Notably, the TP can also form the 
planar sheets due to the strong intermolecular large con-
jugated aromatic structures. The microstructures of the 
TP were characterized by the emission scanning electron 
microscopy (SEM) which shows the scale-like nanosheets 
(Fig.  2a), indicating the consistency of the microstruc-
tures and the chemical structures. After coordinating 
with the metal ions through solvothermal method under 

high temperature and high pressure, the nanosheets still 
remain but the size was changed (Fig. 2c) [20]. The rea-
son is that the metal ions in the center can connect the 
planar flake structures and the both ends of the pyridine 
nitrogen from TP can coordinate with central metal ions 
at different angles in the three-dimensional space, result-
ing in the angle changes between the nanosheets [21]. 
The nanosheet morphologies of the TP were changed 
after calcination at 850  °C in the nitrogen atmosphere, 
and the flake morphologies would shrink and accumu-
late (Fig. 2b). However, the sheets of the IPNCN-2–750, 
IPNCN-2–800, IPNCN-2–850, IPNCN-2–900, IPNCN-
1–850, and IPNCN-3–850 are still existed (Fig.  2d, e, f, 
and S3), reflecting that the coordination interactions are 
beneficial to improving the thermal stability of the large 
conjugated aromatic structures.

The stability at different calcination temperatures was 
mainly benefited from the fully conjugated rigid planes 

Fig. 1 a Schematic of the preparation of the iron-chelating pyridinic nitrogen-rich coordinated nanosheet (IPNCN) composites. b Optimized 
geometry of the tetrapyrido [3,2-a:2’,3’-c:3’’,2’’-h:2’’’,3’’’-j] phenazine (TP) and the IPNCN composites by Gaussian calculations. c MALDI-TOF mass 
spectrum of the TP. d FT-IR spectra of the TP and the IPNCN (TP/Fe2+  = 1/1) composites
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of the TP and the rigid polymers of the IPNCN-2 com-
posites. The planar structures of the TP are also capable 
of acting as the templates for metals, which is favorable 
to coordination with metals and full contact with oxygen 
during the oxygen reduction reaction process [22]. The 
advantage of such design is the homogeneous distribu-
tion of the nitrogen and the uniformly dispersed metal 
catalytic active sites [23], which prevents the agglomera-
tion of the metals in the calcination process. Therefore, it 
can be convinced from the above-mentioned results and 
discussion that the self-stable carbonization strategy has 
been discovered, which would provide a reference for the 
selection of the stable catalytic materials.

To examine the chemical constitutions of the as-pre-
pared IPNCN composites, the X-ray photoelectron spec-
troscopy (XPS) measurements were further performed, 
as presented in Fig. 3 and Figure S4 and S5 in the Sup-
porting Information. The existence of the C, N, O, and 
Fe elements in the IPNCN-2–850 can be convinced from 

Fig. 3a, corresponding to the spectra peaks around 285, 
399, 531, and 715 eV, respectively. The chemical elements 
of the IPNCN-2-X composites were counted and summa-
rized in Table 1, indicating that the nitrogen atoms have 
been successfully doped into the IPNCN-2-X composites. 
The high-resolution C 1 s spectra displayed four peaks at 
284.58, 285.15, 286.12, and 288.56 eV (Fig. 3b), assigning 
to the C–C, C-N, C-O, and C = O groups, respectively 
[24]. The N 1 s peaks can be divided into 398.23, 400.24, 
401.00, and 402.73  eV (Fig.  3c), corresponding to the 
pyridinic-N, pyrrolic-N, graphitic-N, and N-oxide (N–O), 
respectively [25]. The contents of the different nitrogen 
species were also calculated and listed in Table 1. It can 
be seen that pyridinic-N and graphitic-N still have rela-
tively high contents at high temperature, and the pyri-
dinic-N and graphitic-N can serve as the efficient active 
sites during the oxygen reduction reaction process [26]. 
The total nitrogen content decreases from 11.14 at. % 
to 3.24 at. % with the increase of pyrolysis temperature 

Fig. 2 SEM image of the a TP, b TP-850, c IPNCN-2 composites, d IPNCN-2–800 composites, e IPNCN-2–850 composites, and f IPNCN-2–900 
composites
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from 750 to 900  °C due to the decomposition of the 
N–C bonds at high temperature [27, 28]. However, the 
proportion of the pyridinic-N (27.8% in Table  1) in the 
IPNCN-2–850 composites could still strongly sup-
port the outstanding oxygen reduction reaction activity. 
The high-resolution Fe 2p XPS spectra of the IPNCN-
2–850 composites in Fig.  3d are divided into individual 
peaks. The binding energy peak at 710.97, 714.08, 718.16, 
723.30, and 725.76  eV corresponds to the  2p3/2 orbit of 
 Fe2+, the  2p3/2 orbit of  Fe3+, the satellite peak, the  2p1/2 

orbit of  Fe2+, and the  2p1/2 orbit of  Fe3+, respectively. The 
 Fe2+ groups act as the role of the active sites, promoting 
the adsorption of  O2 and boosting the catalytic activity 
of the IPNCN composites [26, 29, 30]. The XRD spectra 
of IPNCN-2 after pyrolysis were also presented in Fig. 
S6. The peak around 25° becomes narrower and stronger 
during the increasing temperature, indicating that more 
ordered graphitic carbon was produced at a higher pyrol-
ysis temperature [31]. The content of iron in the different 
composites were further detected by Inductively Coupled 

Fig. 3 a XPS survey spectra of the IPNCN-2–850 composites. The high-resolution b C 1 s, c N 1 s, and d Fe 2p XPS spectra of the IPNCN-2–850 
composites

Table 1 Summary of the nitrogen content and bonding state of the IPNCN-2-X composite catalysts

Sample C (at. %) N (at. %) O (at. %) Fe (at. %) XPS (N content %) Pyridinic-N
(at. %)

Pyridinic-N Pyrrolic-N Graphitic-N

IPNCN-2–750 77.5 11.1 10.0 1.4 34.3 29.4 26.9 3.8

IPNCN-2–800 79.0 9.21 10.8 1.0 33.7 27.9 25.2 3.1

IPNCN-2–850 79.5 8.3 10.9 1.2 29.3 27.8 27.7 2.4

IPNCN-2–900 84.5 3.2 11.4 0.9 30.1 30.5 28.1 1.0
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Plasma (ICP). With the increase of pyrolysis temperature, 
the content of iron decreases gradually (Table S2).

The surface areas and pore structures of the IPNCN-2 
composite catalysts were determined by the nitrogen iso-
thermal adsorption–desorption measurements through 
the Brunauer–Emmett–Teller (BET) (Fig. 4). The IPNCN-
2-X composite catalysts exhibit an obvious of type-IV 
isotherm characteristics with H1 hysteresis loop (Fig. 4a) 
[32, 33], which is the characteristic of the disordered 
micro-/meso-porous materials. The details of the BET 
surface areas and pore size distributions of the IPNCN-2 
composite catalysts were listed in Table 2. The BET sur-
face area of the IPNCN-2–750, IPNCN-2–800, IPNCN-
2–850, and IPNCN-2–900 composite catalysts is 13.0, 
14.1, 12.0, and 34.2  m2  g−1, respectively. The decrease of 
the surface area for the IPNCN-2–850 is mainly due to 

the changing of the pores, while the increase of the sur-
face area for the IPNCN-2–900 ascribes to the decom-
position of the small organic molecules at relatively high 
temperature [34]. The IPNCN-2-X composite catalysts 
have the mesopores with large sizes and the nanopores 

Fig. 4 e Nitrogen sorption/desorption isotherms and f half pore-size distributions of the IPNCN-2 composite catalysts prepared at different 
pyrolytic temperatures

Table 2 The BET surface areas and pore size distributions of the 
IPNCN-2 composite catalysts

Sample SBET  (m2  g−1) Pore volume (mL  g−1)

Total Micro Meso

IPNCN-2–750 13.000 0.030 0.011 0.021

IPNCN-2–800 14.100 0.040 0.013 0.029

IPNCN-2–850 12.000 0.040 0.005 0.037

IPNCN-2–900 34.223 0.091 0.026 0.064
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with small sizes that can be beneficial for the cataly-
sis process and provide the more abundant active sites, 
respectively [35].

To explore the ORR catalytic performances, the cyclic 
voltammetry (CV) measurements in the  N2-saturated 
and  O2-saturated 0.1 mol/L potassium hydroxide (KOH) 
solution for the IPNCN-2–850 composite catalysts were 
further performed on a rotating disk electrode (RDE) at 
the scan rate of 50  mV   s−1 (Fig.  5). Fig.  5a depicts that 
the redox peak could not be found in the  N2-saturated 
electrolyte, while a well-defined cathodic reduction 
peak at 0.80 V was clearly observed in the  O2-saturated 
KOH electrolyte, suggesting an obvious intrinsic elec-
trocatalytic activity for the ORR [36, 37]. For compari-
son, the apparent peak at 0.76, 0.78, and 0.80  V was 

observed for the IPNCN-2–750, IPNCN-2–800, and 
IPNCN-2–900 composite catalysts in the  O2-saturated 
electrolyte, respectively (Fig. S7a). The cathodic reduc-
tion current peak at about 0.81  V (vs. RHE) of the 
IPNCN-2–850 composite catalysts was higher than that 
of other samples (Fig.  5a, Fig. S7a, and Fig. S7b), indi-
cating that the IPNCN-2–850 composite catalysts have 
the best ORR activity among others. To further explore 
the electrocatalytic properties of the IPNCN-2-X com-
posite catalysts, the linear sweep voltammogram (LSV) 
measurements were carried out by using the rotat-
ing disk electrode (RDE) in the  O2-saturated 0.1  mol/L 
KOH solution (Fig.  5b). The IPNCN-2–850 composite 
catalysts showed excellent onset potentials of 0.93  V 
and half-wave potentials of 0.84 V (vs. RHE), which can 

Fig. 5 a CV curves of the IPNCN-2–850 composite catalysts in the  N2-saturated and  O2-saturated 0.1 mol/L aqueous KOH solutions. b LSV curves 
of the IPNCN-2 composite catalysts prepared at different pyrolytic temperatures and the commercial Pt/C catalysts at 1600 rpm rotation rate in 
the  O2-saturated 0.1 mol/L KOH solution. c K-L plots for the IPNCN-2–850 composite catalysts at different electrode potentials from 0.60 to 0.80 V 
(vs RHE). d Calculated electron transfer number of the IPNCN-2–850 composite catalysts. e Methanol tolerance evaluation of the IPNCN-2–850 
composite and Pt/C catalysts. f Current–time i-t test of the IPNCN-2–850 composite catalysts at 1600 rpm rotation rate in the  O2-saturated 0.1 mol/L 
KOH solution
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compare to the commercial Pt/C catalysts with onset 
potentials of 0.96  V and half-wave potentials of 0.85  V 
(vs. RHE). Among the IPNCN catalysts, the ORR activ-
ity of the IPNCN-2–850 composite catalysts are better 
than those of IPNCN-2–750, IPNCN-2–900, IPNCN-
1–850, and IPNCN-3–850 (Fig. 5b and Fig. S7c), imply-
ing an excellent ORR performance for the stable IPNCN 
composite catalysts [38]. Furthermore, the limiting cur-
rent density of the IPNCN-2–850 composite catalysts is 
also better than that of the Pt/C catalysts. Therefore, the 
IPNCN-2–850 composite was used for further explora-
tion. The high ORR performance was ascribed to high 
metal utilization efficiency and fast mass transport [39, 
40]. In addition, the planar structures could further pro-
vide sufficient contact points for oxygen to promote the 
ORR catalytic performance [41].

The linear sweep voltammetry (LSV) curves of the 
IPNCN-2–850 composite catalysts varying from 400 
to 2400 rpm in the  O2-saturated 0.1 mol/L KOH solu-
tion were further presented in Fig. S7d. The limiting 
current density obtained from the LSV curves shows 
a rapid increase as the rotation speed increases, which 
is due to the decrease of the diffusion distance under 
high-speed condition. The corresponding Koutecky-
Levich (K-L) plots of the IPNCN-2–850 composite 
catalysts at different potentials exhibit a great linearity 
and some are overlapped (Fig. 5c), indicating a similar 
electron-transfer process. The electron transfer num-
ber (n) of the IPNCN-2–850 composite catalysts was 
calculated as 3.9 in average at various potentials from 
0.2 to 0.6  V according the K-L plot (Fig.  5d), indicat-
ing that the oxygen is reduced through a direct four-
electron pathway.

For comparison, the TP catalysts were prepared via 
the same method for preparing the IPNCN-2–850 com-
posite catalysts but without the addition of ferrous chlo-
ride, which were named as TP-850. The ORR activities 
of the TP-850 catalysts were observed as not good as the 
IPNCN-2–850 composite catalysts (Fig. S7e and Fig. S7f ), 
suggesting the importance of the iron ions which are able 
to form the active sites. In order to prove the importance 
of the coordination interactions in the solvothermal pro-
cess, the direct method of grinding TP and ferrous chlo-
ride was employed instead of the solvothermal method 
to prepare the Grind-TP-Fe-2–850 catalysts. The Grind-
TP-Fe-2–850 catalysts also show the much lower onset 
potential and half-wave potential than the IPNCN-2–850 
composite catalysts (Fig. S7e and Fig. S7f ), indicating 
that the solvothermal method is conducive to form the 
coordination polymers and the uniform dispersion of the 
active sites [42–44]. The catalytic mechanism of IPNCN 
after high pyrolysis temperatures for efficient ORR could 
be attributed to the high content of the pyridinic-N and 
uniformly distributed active sites (Fig. 6). The pyridinic-
N functionality is active for facilitating ORR at a low 
overpotential via the 4-electron pathway [45].

In addition to the ORR activity, the electrochemical 
stability is another important aspect for the ORR cata-
lysts in the practical applications. The methanol resist-
ance and electrochemical durability of the IPNCN-2–850 
composite and Pt/C catalysts were characterized by the 
chronoamperometry measurements. After injecting the 
solution of methanol (1 mol/L), the Pt/C catalysts show 
an immediate drop in the current density. However, 
there is no obvious change in the current density for 
the IPNCN-2–850 composite catalysts during the ORR 

Fig. 6 The mechanism of the IPNCN after pyrolysis for ORR
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process (Fig. 5e), revealing that the IPNCN-2–850 com-
posite catalysts have the great tolerance to the methanol. 
Moreover, another significant parameter to detect the 
catalytic performance is the electrochemical durabil-
ity, as illustrated in Fig.  5f. The IPNCN-2–850 compos-
ite catalysts still keep 97.7% of the initial current while 
the Pt/C catalysts retain only 69% of the initial current 
after 40,000  s (Fig.  5f ). Furthermore, a small negative 
half-potential shift was observed after the stability test 
(Fig. S8), further demonstrating the reliable stability of 
IPNCN-2–850 as ORR electrocatalysts. It could be con-
cluded that the as-prepared IPNCN-2–850 composite 
catalysts possess the much better methanol tolerance and 
electrochemical durability [46].

Conclusions
In summary, the novel planar organic ligands (IPNCN 
composites) were successfully designed and synthe-
sized, where the large content of pyridine nitrogen and 
full conjugated systems are beneficial to improving 
the structural stability. The IPNCN composites can be 
served as the templates for metal ions through the sol-
vothermal method to obtain the more stable catalyst 
precursors. The design strategy of IPNCN composite 
catalysts is conducive to self-stabilization in high tem-
perature environment. The results revealed that the as-
prepared IPNCN composite catalysts possess the more 
excellent ORR catalytic performance in the alkaline 
solutions compared to the commercial Pt/C catalysts. 
The superior catalytic activity of the IPNCN composite 
catalysts can be attributed to the rich content of pyri-
dine nitrogen, the stable and uniform distribution of the 
nitrogen elements and the metal catalyzed active sites. 
The methanol resistance and electrochemical durabil-
ity of the IPNCN composite catalysts are much better 
than those of the commercial Pt/C catalysts in the alka-
line media. It could be convinced that the as-designed 
IPNCN composite catalysts would be a promising alter-
native to the noble metal Pt-based catalysts in the practi-
cal applications.
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