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rid nanosheet as an efficient
electrocatalyst for oxygen reduction reaction†

Yangyang Wen, *a Chang Ma,a Zhiting Wei,a Xixi Zhub and Zhenxing Li *a

The iron–nitrogen–carbon (FeNC) catalyst, as a highly active and stable non-precious metal catalyst, has

emerged as one of the most promising alternatives to replace the platinum catalyst for oxygen reduction

reaction (ORR). Herein, a novel FeNC/MXene hybrid nanosheet was, for the first time, explored via

pyrolysis of an iron–ligand complex and MXene nanosheets. The structure and morphology

characterizations reveal that a thin and rugged FeNC coating was closely attached on the surface of

MXene, forming a hybrid nanosheet structure with an excellent conductive substrate and many

electrocatalytic active sites on the substrate. The electrochemical measurements disclose that the FeNC/

MXene hybrid nanosheet exhibited a remarkable electrocatalytic performance, with a 25 mV higher half-

wave potential (0.814 V versus RHE) than the Pt/C counterpart. More importantly, this hybrid presented

a superb durability, with only 2.6% decay after a 20 000 s continuous test, much better than the 15.8%

degradation for Pt/C. This work not only demonstrates the promising performance of the FeNC/MXene

hybrid nanosheet for ORR, but more importantly provides new insight into the rational design of non-

noble-metal catalysts using an MXene support.
Introduction

The increasing combustion of fossil fuels has attracted exten-
sive attention on routes of clean and sustainable energy
resources. Fuel cells and metal–air batteries, with high effi-
ciency and low emission, have great potential to address this
issue.1,2 Oxygen reduction reaction (ORR) is a pivotal cathode
process in these devices, but suffers from sluggish kinetics,
which strictly limits the overall power performance.3–5 To date,
platinum (Pt) and Pt-based alloys are the most efficient ORR
catalysts, but their high cost and natural scarcity signicantly
hinder their large-scale commercialization.6 In this context, it is
extremely imperative to develop non-precious metal catalysts to
replace the Pt-based catalysts. Among all alternatives, iron–
nitrogen–carbon (FeNC) has emerged as one of the most
promising candidates owing to its resource availability and Pt-
comparable high efficiency.7

Although the exact nature of active sites in FeNC is still not
clear, two positions are considered to be responsible for the
high ORR activity: Fe-Nx moieties with square-planar D4h local
symmetry of the ferric ion enveloped by coordinated nitrogen
ligands7,8 and nitrogen functional groups (pyridinic N).9,10 In
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gineering, Shandong University of Science

tion (ESI) available. See DOI:

0

general, these active sites are synthesized via pyrolysis of
carbon-supported nitrogen-rich metal complexes (such as
metal-Nx macrocycles), or via pyrolysis of a mixture of metal
salts, nitrogen- and carbon-containing precursors.6 However,
severe aggregation and the corresponding thick catalyst layers
are ineluctably introduced during the pyrolysis process, which
results in decient mass transport and ionic conductance,11 and
thus leads to practically inferior ORR activity.12 To overcome
this problem, carbon materials (including active carbon,13

carbon nanotubes,12 and graphene14,15) were employed, and
signicant enhancement was achieved in both ORR activity and
stability. The carbon supports not only greatly increase the
exposure of catalytic active sites, but also may alter the spin
congurations of active sites through the interactions between
the catalyst and the support.16 However, major effects have been
devoted to the carbon-based supports but fewer work has been
investigated on the non-carbon high-conductive supports.

MXene is a new family of two-dimensional transition metal
carbides/carbonitrides, which were produced by the selective
etching of A layers from MAX phases.17 It has a general formula
of Mn+1XnTx (n ¼ 1–3), where M represents an early transition
metal, X denotes carbon and/or nitrogen, and Tx stands for the
surface terminations (hydroxyl, oxygen, or uorine).18 The
inherent high conductivity and hydrophilic surfaces make
MXene receiving intensive attention in various elds, including
energy storage,19,20 energy conversion,21,22 water purication,23

electromagnetic interference,24 and so on. In comparison to
carbon supports, MXene not only processes high conductivity
and high surface area, but also has massed surface
This journal is © The Royal Society of Chemistry 2019
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View Article Online
terminations (hydroxyl, oxygen, or uorine),18 which could
introduce further interactions between FeNC and the substrate.
Recently, a twofold ORR activity improvement was reported by
introducing multilayered MXene as the support for iron
phthalocyanine (FePc) macrocycles, which also revealed that the
interaction between FeN4 and MXene led to an easier oxygen
adsorption and reduction on FeN4 sites.16 Therefore, exploring
new synthesis strategies and new hybrid structure for MXene-
supported FeNC catalysts is of great interest to investigate the
interaction between FeNC and MXene support and thus further
enhance ORR performances.

Herein, highly-dispersed MXene nanosheet was used as the
support to composite FeNC, and a novel FeNC/MXene hybrid
nanosheet was, for the rst time, synthesized through the
pyrolysis of a simple Fe inorganic salt, N precursor and MXene
nanosheets. The MXene serves as the catalyst support rendering
a unique two-dimensional platform and excellent electronic
channels, while the rugged FeNC coating closely attached on
the surface of MXene provides sufficient ORR active centres,
making it a good catalyst for electrocatalysis. The resulted
FeNC/MXene hybrid nanosheet exhibited excellent ORR activity
with a half-wave potential of 0.814 V versus RHE. More
impressively, this hybrid nanosheet presented a superb dura-
bility, with only 2.6% decay aer a 20 000 s continuous test,
much better than the 15.8% degradation for the commercial Pt/
C catalyst.
Experimental
Synthesis of Ti3AlC2 and Ti3C2Tx MXene

Ti3AlC2 was synthesized by following our previous method.25 1 g
Ti3AlC2 power was immersed into 20 ml 40% HF solution,
stirring for 72 h to obtain the multilayered Ti3C2Tx powder
(Fig. S1†), and then treated with tetrapropylammonium
hydroxide (TPAOH, Tianjin Guangfu Fine Chemical Research
Institute) for 18 h under stirring, washed and collected. The
Ti3C2Tx MXene nanosheet solution was prepared by the soni-
cation of TPAOH-treated multilayer Ti3C2Tx powders in DI
water, followed by centrifuging at 3000 rpm for 10 min and
collecting the supernatant. The resultant colloidal solution was
freeze-dried (�80 �C, < 1 mbar) for 3 days and collected.
Synthesis of FeNC/MXene hybrid nanosheet

17.4 mg ferrous acetate and 70.4 mg 1,10-phenanthroline
monohydrochloride monohydrate (with a xed Fe/N molar ratio
of 1/6) were rst dispersed in 10 ml ethanol and stirred for
30 min to get a homogeneous solution. Next, 100 mg Ti3C2Tx

MXene nanosheets were added into the solution and stirred for
15 h in an oil bath at 60 �C. The resultant suspension was
collected by a rotary evaporation process and the FeNC/MXene
hybrid nanosheet was obtained by pyrolysis at 800 �C under
argon with a heating rate of 5 �C min�1. The as-prepared hybrid
nanosheet was labeled as FeNC/MXene-1. A series of FeNC/
MXene were synthesized to investigate the different FeNC
loadings by changing the mass ratios of iron precursor and
MXene, labelled as FeNC/MXene-x. For example, FeNC/MXene-
This journal is © The Royal Society of Chemistry 2019
0.5 represents that the mass amount of iron precursor in FeNC/
MXene-0.5 was halved than the FeNC/MXene-1.
Characterizations

The structure and morphology of as-prepared catalysts were
characterized by scanning electron microscopy (SEM, Hitachi
SU8010, Japan), transmission electron microscopy (TEM, JEM
2100 LaB6, Japan), powder X-ray diffractometer analysis (XRD,
Bruker D8 Advance instrument, Germany) with a 2q angular
range of 5–65�, and Raman spectroscopy (HORIBA LabRAM HR
Evolution, France) with a 633 nm excitation wavelength. X-ray
photoelectron spectroscopy (XPS) was conducted on a PHI5000
Versaprobe system (Japan) equipped with an Al Ka X-ray source,
and the binding energies were calibrated to C1s peak at 285.0 eV.
The N2 sorption isotherms were performed on an ASAP2460
Surface Area and Porosity Analyzer (Micromeritics, USA).
Electrochemical measurements

All electrochemical measurements were conducted on a CHI
760E electrochemical workstation (Chenhua, China) in a three-
electrode cell at room temperature. A rotating disk electrode
(RDE, Pine Research Instrumentation, 5 mm in diameter)
coated with catalyst sample, an Ag/AgCl electrode and
a graphite rod were used as the working, reference and counter
electrodes, respectively. The catalyst ink was prepared by
dispersing 2mg of catalyst powder in amixture of 10 ml of 5 wt%
Naon solution (Sigma-Aldrich) and 490 ml ethanol. Aer
ultrasonication for 30 min, 5 ml of the ink was pipetted onto the
polished RDE with a catalyst loading amount of 0.1 mgcat
cmdisk

�2. In comparison, the commercial Pt/C catalyst (20 wt%,
Johnson-Mathey) with the same catalyst mass loading was
tested under the same condition. The ORR performances were
evaluated in N2- or O2-saturated 0.1 M KOH aqueous solution.
All the potentials were calibrated to a reversible hydrogen
electrode (RHE) according to the equation, E (RHE) ¼ E (Ag/
AgCl) + 0.0591pH + 0.197. The electron transfer number (n)
during ORR was calculated by the Koutechy–Levich equation:

1

j
¼ 1

jL
þ 1

jK
¼ 1

Bu1=2
þ 1

jK
(1)

B ¼ 0.62nFCoD
2/3
o n�1/6 (2)

where j stands for the measured current density, jK is the kinetic
current density, jL is the diffusion-limiting current density, u is
rotation rate of the electrode, F is the Faraday constant (96 485C
mol�1), Co is the bulk concentration of oxygen (1.2 � 10�6 mol
cm�3 for 0.1 M KOH solution), Do is the diffusion coefficient of
oxygen (1.9 � 10�5 cm s�1), and n is the kinetic viscosity of the
electrolyte (0.01 cm2 s�1 for 0.1 M KOH solution).
Results and discussion

The synthetic strategy of the FeNC/MXene hybrid nanosheet is
illustrated in Scheme 1. Iron precursor (ferrous acetate) and
nitrogen ligand (1,10-phenanthroline monohydrochloride
RSC Adv., 2019, 9, 13424–13430 | 13425
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Scheme 1 Schematic synthetic strategy of the FeNC/MXene hybrid
nanosheet.
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monohydrate) were rst mixed in the ethanol to form an iron–
ligand complex. Subsequently, MXene nanosheets were added and
a uniform layer of iron complex was coated on the MXene surface.
Aer a heat treatment in the inert atmosphere, FeNC/MXene
hybrid nanosheet was synthesized with the FeNC layer closely
attached on the surface of eachMXene (will be demonstrated later).

The structure of FeNC/MXene hybrid nanosheet was rst
investigated by X-ray diffractometer (XRD) and Raman analysis.
Fig. 1a presents the XRD patterns, indicating the impregnation
of FeNC into the MXene nanosheets. The XRD pattern of the
pristine MXene displays a sharp peak at 8.4� and small peaks at
34.0�, 41.8�, 61.6�, which are assigned to the characteristic
(002), (101), (105) and (110) planes, respectively, for Ti3C2Tx

MXene and thus conrmed the successfully synthesis of MXene
nanosheets. However, the (002) peak almost disappeared in the
XRD pattern of FeNC/MXene-1, replaced by four new broad
peaks, centered at 35.2�, 43.8�, 41.3� and 44.7�, corresponding
to (200) and (102) planes of Fe3C phase (JCPDS no. 65-2412),
(002) plane of Fe3N (JCPDS no. 21-1276), and (110) plane of
metallic iron (JCPDS no. 65-4899), respectively. It is speculated
that the disappearance of (002) peak in FeNC/MXene-1 may be
attributed to the wrecked lattice arrangement of MXene nano-
sheets and thus indicated the incorporation of FeNC into each
single MXene nanosheet. It should be also note that the back-
ground of MXene XRD pattern is a bit rough, which is related
with the exfoliation process resulting in a loss of diffraction
signal in the out-of-plane direction and the nonplanar shape of
MXene nanosheets leading to broadening of the peaks for in-
plane diffraction.17

The Raman spectra in Fig. 1b shows two small bands at
around 360 cm�1 and 600 cm�1, which were assigned to the
vibrations of atoms in Ti3C2Tx MXene and thus indicative of
MXene.26–29 Another two broad bands were detected at around
1369 and 1580 cm�1. The former (D-band) corresponds to
Fig. 1 XRD (a) and Raman (b) spectra of the pristine MXene and FeNC/
MXene-1.

13426 | RSC Adv., 2019, 9, 13424–13430
disordered graphite from the defects in carbon-based materials,
and the latter (G-band) is attributed to the vibration of sp2

hybridized carbon atoms in a 2D hexagonal lattice.30–33 A slight
redshi of D band (about 47 cm�1) was observed from the
pristine MXene to FeNC/MXene-1. The D band shi is a char-
acter of defects, which may be resulted from the high temper-
ature treatment for MXene34,35 or the structure changes related
with the interaction between MXene and FeNC component. It is
also worth noting that a slight change of the ID/IG value aer the
introduction of FeNC into MXene was detected. This value
increased from 0.90 to 1.15, indicating more defect in the FeNC/
MXene-1 than the pristine MXene.36

The morphology of the FeNC/MXene hybrid nanosheet was
then characterized by the scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The SEM images
in Fig. 2 reveal that FeNC/MXene-1 remained the sheet structure
as the pristine MXene. The pristine MXene presented the typical
thin akes (Fig. 2a and b), and FeNC/MXene-1 maintained the
ake structure (Fig. 2c and d), with no obvious aggregation of
MXene nanosheets and an apparent coating of FeNC particles
on the MXene surface. Fig. 2d shows that the FeNC coating
consisted of small stacked particles with a particle size of 20–
80 nm, forming a unique FeNC and MXene hybrid nanosheet
structure. This FeNC/MXene-1 morphology could render
a sufficient surface area and the exposure of more catalytic
active sites, which would favour a high electrocatalytic activity.
TEM images in Fig. 3 further disclose the hybrid nanosheet
structure of FeNC/MXene-1. The pristine MXene were trans-
lucent and smooth akes (Fig. 3a), whereas massive particles
were closely attached on the surface of single MXene nanosheet
in FeNC/MXene-1, forming a rugged FeNC coating (Fig. 3b and
c). The high resolution TEM image indicates that these FeNC
particles were crystalline with a lattice distance of 0.22 nm
(Fig. 3d), which corresponded to the (002) plane of Fe3N phase
and was consistent with the XRD result (Fig. 1a). In addition,
high-angle annular dark-eld scanning TEM (HAADF-STEM)
images and the elemental mapping images were investigated
(Fig. 3e), clearly conrming a uniform distribution of C, N, Fe,
and Ti elements in the FeNC/MXene-1 hybrid nanosheet.
Fig. 2 SEM images of the pristine MXene (a and b) and FeNC/MXene-1
(c and d) at different magnifications.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 TEM images of the pristineMXene (a) and FeNC/MXene-1 (b–d).
(e) HAADF-STEM images and the corresponding elemental maps of
C, N, Fe, and Ti.
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A series of FeNC/MXene-x catalysts with different FeNC
loadings were also prepared and investigated. As shown in
Fig. S2 and S3,† SEM images reveal that all FeNC/MXene-x
catalysts remained the ake structure, while the thickness of
akes increased with the increase of x value (higher FeNC
loading). Note that the FeNC/MXene-5 was almost powdery with
a ake thickness of around 200 nm (Fig. S2f and S3f†), which
was much thicker than the ake thickness of FeNC/MXene-1
(less than 50 nm as shown in Fig. 2d). The TEM images
(Fig. S4†) further demonstrated the hybrid nanosheet structure
in all FeNC/MXene-x catalysts, with the FeNC particle coating
closely attached on the MXene surface.

The nature of the porosity of the catalysts was performed by
the nitrogen sorption analysis. As shown in Fig. 4a, the pristine
MXene and FeNC/MXene-1 exhibited Type IV isotherms with
obvious hysteresis loops, which were resulted frommesoporous
voids between the nanosheets.30 The specic surface areas
(SBET) were 35.6 m2 g�1 for the pristine MXene and 28.1 m2 g�1

for the FeNC/MXene-1, suggesting a slight increase of SBET aer
the inclusion of FeNC. Notably, FeNC/MXene-1 gave the highest
SBET value in the FeNC/MXene-x series, as listed in Table S1,†
which may be related with the slight differences of the
morphologies of FeNC coatings (Fig. S2–4†). The pore size
Fig. 4 (a) Nitrogen sorption isotherms of the pristine MXene and
FeNC/MXene-1. (b) Pore size distribution of the pristine MXene and
FeNC/MXene-1.

This journal is © The Royal Society of Chemistry 2019
distribution was displayed in Fig. 4b, revealing the domination
of mesopores with a pore size range of 2–14 nm.

The X-ray photoelectron spectroscopy (XPS) was explored to
investigate the elemental composition and surface state of the
catalysts, with a N 2.7 at% and Fe 2.3 at% in the FeNC/MXene-1.
It can be seen that the N content showed a highest value in
FeNC/MXene-1 but a continuous increase trend for Fe contents
with the increase of x in the FeNC/MXene-x catalysts (Table
S2†), which indicated a maximum loading for the N element in
the catalysts. The high resolution N1s spectrum of FeNC/
MXene-1 was analysed and was deconvoluted into ve species
(Fig. 5a), centred at 398.5, 399.4, 400.4, 401.3 and 402.8 eV, and
corresponded to the pyridinic nitrogen, Fe-Nx, pyrrolic nitrogen,
graphitic nitrogen and oxidized nitrogen, respectively.12,37 A
schematic model is shown in Fig. 5b to better understand the
nitrogen congurations in the high resolution N1s of FeNC/
MXene-1 catalyst. It is generally believed that the pyridinic
nitrogen and Fe-Nx species contribute to the high ORR activity,
while oxidized nitrogen is not signicantly associated with the
ORR performance and is unstable during the ORR operating.37

The percentage contents of different nitrogen species are listed
in Table S3† and a comparison of nitrogen species in FeNC/
MXene-x series is illustrated in Fig. 5c, revealing that the pyr-
idinic nitrogen and graphitic nitrogen were the dominated
congurations in all catalysts. It should be also noted that
FeNC/MXene-1 exhibited the highest Fe-Nx content, with 14.95
at% in the total nitrogen (Table S3 and Fig. S5†), which may be
responsible for its high ORR activity and will be discussed later.
Furthermore, the XPS spectrum in Fe2p region was investigated
(Fig. 5d, S6 and Table S4†), and was divided into Fe2+ 2p3/2
(711.2 eV), Fe3+ 2p3/2 (713.3 eV) and satellite (Sat., 718.5 eV).38,39

In combination with the XRD and XPS N1s results, it can be
concluded that the Fe3+ species may be attributed to the Fe-Nx

moieties in Fe3N phase and the Fe carbides in Fe3C phase.37

The ORR activities of the catalysts were rst evaluated by
cyclic voltammetry (CV) plots in N2- and O2-saturated 0.1 M
Fig. 5 (a) XPS N1s binding energy region of FeNC/MXene-1. (b)
Schematic model of nitrogen structures in FeNC/MXene-1. (c)
Comparison of nitrogen species in the FeNC/MXene-x catalysts. (d)
XPS Fe2p binding energy region of FeNC/MXene-1.

RSC Adv., 2019, 9, 13424–13430 | 13427

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01330j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 7
:2

7:
47

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
KOH solution. As shown in Fig. 6a, obvious cathodic reduction
current peaks were detected in the O2-saturated solution for all
catalysts, whereas no peaks were observed in the N2-saturated
solution. The cathodic reduction current peak of FeNC/MXene-1
was located at 0.81 V, which was much more positive than the
pristine MXene (0.54 V) and the commercial Pt/C catalyst (0.79
V), indicating that FeNC/MXene-1 had a much better catalytic
activity than the pristine MXene and the Pt/C. The linear sweep
voltammogram (LSV) curves were subsequently performed in
O2-saturated electrolyte (Fig. 6b). FeNC/MXene-1 exhibited
a better ORR activity with an onset potential (Eonset) of 1.00 V,
much more positive than the pristine MXene (0.71 V) and
comparable to the Pt/C (1.03 V, Fig. S7†). More importantly,
FeNC/MXene-1 displayed a half-wave potential (E1/2) of 814 mV,
which was 25 mV higher than the Pt/C (789 mV), indicating that
FeNC/MXene-1 processed a higher ORR activity than the Pt/C
catalyst. Table S6† shows a comparison of electrocatalytic
ORR performance with other FeNC-based catalysts, which
demonstrated the comparable electrocatalytic activity when
using MXene as the support than the carbon support.

To investigate the ORR kinetic characteristics, the LSV curves
of FeNC/MXene-1 under different rotating rates were studied,
revealing that the limiting current densities increased with the
increase of rotating rates (Fig. 6c). The corresponding
Fig. 6 (a) CV plots of the pristine MXene, FeNC/MXene-1 and Pt/C
catalysts in N2- or O2-saturated 0.1 M KOH solution at 50 mV s�1. (b)
LSV curves of catalysts in O2-saturated 0.1 M KOH solution at 50 mV
s�1 with a rotating rate of 1600 rpm. (c) LSV curves of FeNC/MXene-1
in O2-saturated 0.1 M KOH solution at 50mV s�1 with different rotating
rates (inset shows the corresponding Koutechy–Levich plots). (d) Tafel
plots of MXene and FeNC/MXene-1. (e) LSV curves of FeNC/MXene-x
catalysts in O2-saturated 0.1 M KOH solution at 50 mV s�1 with
a rotating rate of 1600 rpm. (f) Current–time responses of FeNC/
MXene-1 and Pt/C in O2-saturated 0.1 M KOH solution at a rotating
rate of 1000 rpm.

13428 | RSC Adv., 2019, 9, 13424–13430
Koutecky–Levich (K–L) plots (inset in Fig. 6c) determined from
the LSV curves disclosed the linear relationships and the rst-
order reaction kinetics.35 The transfer electron numbers calcu-
lated by the K–L plots was 3.9–4.0 from a potential range of 0.2–
0.4 V, which indicated a direct four electron reduction pathway
for the FeNC/MXene-1. The Tafel plot in Fig. 6d further
demonstrated the good electron transfer channels in the FeNC/
MXene hybrid nanosheet. The Tafel slope of FeNC/MXene-1 is
30 mV dec�1, which was much smaller than the Pt/C (45 mV
dec�1), suggesting a faster electron transfer rate in FeNC/
MXene-1 than the Pt/C.

In addition, the electrocatalytic performances of FeNC/
MXene-x series were also investigated (Fig. 6e), and all FeNC/
MXene-x catalysts exhibited the Pt-comparable onset potentials
(Table S5†). On the basis of the above results (Fig. 2 and 5), we
believe that the superior catalytic activity of FeNC/MXene-x can
be contributed to the MXene support which rendered a two-
dimensional platform with excellent electronic channels and
to the rugged FeNC coating with sufficient exposure of ORR
active centres. However, FeNC/MXene-x presented obvious
differences on the E1/2 values, with the best performance in
FeNC/MXene-1 (Table S5†). Obviously, there is an optimum
FeNC loading to prepare the FeNC/MXene with the most posi-
tive E1/2. The XPS results (Tables S2 and S3†) disclosed that
FeNC/MXene-x reached the highest N contents when x ¼ 1 and
2.5, indicating a maximum N loading, and the FeNC/MXene-1
processed the highest Fe-Nx species than the other catalysts.
Therefore, it is speculated that the ORR activity was strongly
related with the nitrogen contents as well as nitrogen species
(mainly Fe-Nx conguration) in these FeNC/MXene-x catalysts.

The electrochemical durability is also a pivotal issue in
evaluating the ORR performances of catalysts. A current–time
response of FeNC/MXene-1 and Pt/C in O2-saturated solution
was carried out in O2-saturated 0.1 M KOH solution over
a 20 000 s continuous time at a rotating rate of 1000 rpm, as
shown in Fig. 6f. Impressively, the FeNC/MXene-1 demon-
strated a superior durability, with only 2.6% decay aer
a 20 000 s continuous test, much better than the Pt/C catalyst
with a current loss of up to 15.8%. It is worth noting that this
durability is better than the reported FePc/Ti3C2Tx work (retain
74% over 5000 s) using the multilayered Ti3C2Tx as the
support.16 The metal-Nx macrocycles (FePc) is generally
considered to display a high ORR activity but poor durability
due to the unstable structure of macrocycles.7 The ultrahigh
stability of FeNC/MXene-1 in this work could be related with the
graphitization of catalyst aer the pyrolysis process.7 Compare
with other FeNC-base catalysts, the ORR durability of FeNC/
MXene-1 is comparable with the carbon-supported FeNC
composite catalysts,11,14,16,39–41 as listed in Table S7,† making
MXene an excellent support material for ORR catalysts. The
excellent durability of FeNC/MXene-1 is speculated to the
attribution of highly conductive channels and less agglomera-
tion of FeNC particles due to the presence of MXene support,
making MXene as an excellent candidate to replace carbon
supports. In addition, a 10 000 cycles test with the potential
from 0.6 to 1.0 V vs. RHE was also conducted (Fig. S8†), and
FeNC/MXene-1 catalyst shows a 11 mV degradation of E1/2 aer
This journal is © The Royal Society of Chemistry 2019
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this 10 000-cycle-performance, which further demonstrated the
remarkable stability of FeNC/MXene-1 catalyst. Moreover, the
methanol crossover effect of FeNC/MXene-1 and Pt/C was
carried out from the chronoamperometric curves followed by
the injection of 3 M methanol into the electrolyte, as shown in
Fig. S9.† We can see that FeNC/MXene-1 exhibited much better
tolerance to methanol crossover stability aer adding the
methanol, with no obvious degradation of current. In compar-
ison, Pt/C showed a signicant decrease of current due to the
oxidation of methanol.
Conclusions

In summary, a novel FeNC/MXene hybrid nanosheet was for the
rst time synthesized using the highly-dispersed MXene nano-
sheet as the support. This FeNC/MXene hybrid nanosheet not
only exhibited a more positive half-wave potential than the Pt/C
catalyst, but more importantly displayed a superb durability
with only 2.6% decay over a 20 000 s continuous test. In
combination with the structure and chemistry composition
analysis, it is believed that the hybrid nanosheet structure and
the Fe-Nx congurations mainly contribute to the superior
catalytic activity of FeNC/MXene. In this hybrid structure,
MXene serves as the catalyst support rendering a unique two-
dimensional platform and excellent electronic channels, while
the rugged FeNC coating closely attached on the surface of
MXene provides sufficient ORR active centres, making it a good
catalyst for electrocatalysis. This work may render a new insight
into the rational design of non-precious metal catalysts using
the MXene support.
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