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atrix composite containing
polyaniline and Nafion as novel precursor of the
enhanced catalyst for oxygen reduction reaction†

Xudong Fu,ab Suli Wang,a Huanqiao Li,a Zhangxun Xia,a Luhua Jianga

and Gongquan Sun*a

A hybrid polymermatrix composite has been synthesized by in situ polymerization of anilinemonomers into

Nafion framework and characterized by X-ray diffraction and thermo-gravimetric analysis, which serves as

a novel nitrogen precursor for metal–nitrogen-doped carbon catalyst. The electrostatic interaction

between the amino groups of polyaniline and sulfonate groups of Nafion is found to be helpful for the

promotion of thermal stability of the nitrogen precursor, which increases the nitrogen content of the

catalyst. High specific surface area can be achieved via the decomposition and volatilization of Nafion in

the pyrolysis procedure. The half-wave potential of the Nfn/PA/Fe-2 catalyst is 0.879 V, larger than that

of the commercial Pt/C catalyst (E1/2 ¼ 0.860 V). After 5000 cycles in alkaline media, the half-wave

potential of Nfn/PA/Fe-2 decreases by 19 mV, which exhibits the excellent electrochemical durability and

promising application in fields of metal–air batteries and alkaline fuel cells.
Introduction

Platinum (Pt) and Pt-based materials are considered to be the
premium catalysts for the oxygen reduction reaction (ORR),
which is one of the key reactions for renewable energy tech-
nologies (i.e., fuel cells and metal–air batteries).1 Because of the
scarcity of Pt, the on-going search for Pt-free ORR catalysts has
attracted much attention.2–4 Recent investigations have shown
that metal–nitrogen-doped carbon (MNC) catalysts exhibit high
activity as compared to Pt-based materials.5–8 However, the
intrinsic ORR catalytic activity of a single active site in MNC
catalyst is lower than for Pt-based catalyst.9 Catalytic activity of
MNC material is proposed to be enhanced via the increase of
the density of active site and/or specic surface area.10

The nitrogen-containing groups coordinated with metal ions
have been demonstrated to be catalytically active for the
ORR.11–13 It has also been reported that the nitrogen function-
alities on the carbon surface are shown to be responsible for
ORR activity, whereas the transitionmetals merely inuence the
other properties of the catalyst, such as electronic conductivity,
morphology and nitrogen-doping level.14–16 It is challenging to
prepare the catalyst with high nitrogen content, in that the
nitrogen-containing precursors are readily to decompose and
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volatilize during the heat treatment processes.17,18 Recently,
signicant progresses (i.e., the use of nitrogen-containing
precursors with high thermal stability, high pressure pyrolysis
and “shape xing via salt recrystallization”) have been achieved
to increase the nitrogen content in the nal catalysts.19–21 High
specic surface area with a meso/micro multimodal pore size
distribution could improve the ORR activity of MNC catalysts.22

It has been shown that rich microporosity can afford numerous
active sites,23 and high mesoporosity can promote the transport
properties of O2.24 To obtain MNC catalysts with high porosity,
different kinds of templates are oen employed in the synthesis
process.24,25 The highly active catalysts with high nitrogen
content and large specic surface area have been obtained via
two steps (hard-template synthesis of mesoporous carbon-
based materials and then NH3 activation to optimize both the
porous structures and the surface nitrogen functionalities of the
catalysts).26 To the best of our knowledge, it is difficult to obtain
MNC catalysts with high nitrogen content and large specic
surface area in the absence of templates.

In this work, we report a template-free approach for the
preparation of MNC catalyst with high nitrogen content and
large specic surface area, which is achieved by pyrolysis hybrid
polymer matrix composite and ferric chloride. A novel precursor
of the hybrid polymer matrix composite has been synthesized
by in situ polymerization of aniline monomers into Naon
framework and characterized by X-ray diffraction and thermo-
gravimetric analysis. The half-wave potential of the Nfn/PA/Fe-
2 catalyst is 0.879 V, which only decreases by 19 mV aer
5000 cycles in alkaline media, exhibiting the excellent
RSC Adv., 2016, 6, 59961–59969 | 59961
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electrochemical durability and promising application in elds
of metal–air batteries and alkaline fuel cells.

Experimental
Materials

Aniline (C6H5NH2, 99.5%) and ammonium peroxydisulfate
((NH4)2S2O8, 98%) were purchased from Damao Reagent
Corporation (Tianjing, China). Naon solution (5 wt%) was
obtained from DuPont Corporation (Wilmington, USA). Ferric
chloride hexahydrate (FeCl3$6H2O, 99%) was provided by
Sinopharm Chemical Reagent (Shanghai, China). All aqueous
solutions were prepared with ultrapure water (18.2 MU cm at
25 �C) from a Purelab Flex system (ELGA, England). All
chemicals were used directly without further purication
except aniline needed to be distilled and ushed with N2 prior
to use.

Synthesis of catalysts

In a typical synthesis, 0.25 mL aniline, 16.10 mg ferric chloride
and 10.200 g Naon solution (5 wt%) were dissolved into 80 mL
ultrapure water to form an uniform solution in one ice bath. A
freshly prepared ammonium peroxydisulfate solution (31 mg
mL�1, 20 mL) was gradually added to the above solution with
vigorous stirring. The polymerization reaction was prolonged
for 36 h. The excess water was removed by evaporating the
reaction system at 90 �C until the solid content was around 10
wt%. The residual water was further totally removed through
a 48 h freezing dry process, during which the temperature was
xed at �51 �C and the pressure was maintained at 7–10 Pa.
Then, the precursor containing hybrid polymer composite and
ferric chloride was obtained. A raw catalyst was acquired by
heat-treated the precursor in a N2 atmosphere at 900 �C for 1 h
with an increasing rate of 5 �C min�1 and the weight loss was
divided the reduced mass by the total mass. The raw catalyst
needed to be pre-leached in 0.5 M H2SO4 aqueous solution at 80
�C for 6 h to remove unstable and inactive species and heat
treated again in N2 atmosphere at 900 �C for 3 h. The nal
catalyst was labelled as Nfn/PA/Fe-2.

For comparison, Nfn/PA-2 was synthesized without ferric
chloride during the preparation process. Controlled synthesis
was also carried out by varying the mass ratios of Naon to
aniline while the other reaction parameters were constant. The
masses of 5 wt% Naon solution were 0 g, 0.255 g, 2.550 g,
20.400 g and themass ratios of Naon to aniline were 0, 0.05 : 1,
0.5 : 1, 4 : 1, respectively. The catalysts were denotes as PA/Fe,
Nfn/PA/Fe-0.05, Nfn/PA/Fe-0.5 and Nfn/PA/Fe-4, respectively.

Physical characterization

Transmission electron microscope (TEM, JEM-2011EM, JEOL)
equipped with an energy-dispersive spectrometer for elemental
mapping was performed on the obtained catalysts. The samples
for TEM analysis were prepared by adding a few drops of
colloidal suspension onto a hollow copper grid and wicking
away the excess liquid with a tissue paper. X-ray diffraction
(XRD) patterns of the catalysts were obtained on a D/max-2400X
59962 | RSC Adv., 2016, 6, 59961–59969
Ricoh diffractometer with monochromated Cu-Ka radiation (40
kV, 200 mA) at a scan rate of 5� per minute. Thermo-gravimetric
analysis (TGA) was carried out using Setsys 16/18 thermoana-
lytical device (Setaram, France) in N2 atmosphere (40mLmin�1)
with a heating rate 5 �C min�1. X-ray photoelectron spectros-
copy (XPS) was carried out on Kratos AMICUS spectrometer
(Thermo Scientic) using Al Ka radiation (1486.71 eV). All the
binding energies were determined relative to the adventitious C
1s XPS peak at 284.6 eV. XPS PEAK Version 4.1 was used to t the
narrow scan spectra of N 1s aer Shirley type background
subtraction. Nitrogen absorption–desorption isotherm was
measured on a surface area and pore size analyser (NOVA 2200e,
Quantachrome Autosorb-iQ). Before analysis, the samples were
out-gassed at 300 �C under vacuum for 4 h. The specic surface
area was calculated using adsorption data by the Brunauer–
Emmett–Teller (BET) method. Pore size distribution curve was
computed using the Quenched Solid Density Functional Theory
method.

Electrochemical measurements

A CHI 760D potentiostat/galvanostat was used for the elec-
trochemical measurements in a three electrode electro-
chemical cell installed with a platinum wire as the counter
electrode and an Hg/HgO (0.1 M KOH) as the reference elec-
trode. The potentials in this study were normalized to revers-
ible hydrogen electrode (RHE) unless otherwise specied. All
electrochemical measurements were carried out at 25� 0.5 �C.
The sample-coated glassy carbon (GC) electrode was served as
the working electrode and the experimental details were
described below.

First, a catalyst ink was prepared by mixing the catalyst
powder (2.0 mg) with 0.2 mL water, 1.8 mL anhydrous alcohol
and 12 mL Naon solution (5 wt%, DuPont) under mild soni-
cation in a water bath. Next, the catalyst ink (40 mL) was
deposited onto the GC surface and the solvent was evaporated at
room temperature. The loading for prepared catalyst was xed
at 0.2 mg cm�2, while the loading of Pt was around 0.02 mg
cm�2 for the commercial Pt/C (20 wt%, JM).

Potential cycling (100 mV s�1) between �0.8 and 0.2 V (vs.
Hg/HgO) was applied to each electrode until a stable cyclic
voltammetry (CV) curve was obtained in N2 purged aqueous
KOH electrolyte (0.1 M). The activity of electrocatalyst was
evaluated by recording the ORR polarization curve in O2 satu-
rated KOH electrolyte with a positive sweep rate of 10 mV s�1 at
1600 rpm in the rotating disk electrode (RDE) measurements.
All the currents in the CV and ORR polarization curves were
normalized to the geometric area of the GC electrode. The
kinetic current density of the electrocatalyst was determined
from the mass-transfer-corrected Tafel plot. Based on ORR
polarization curves at different rotating rates, the electron
transfer number could be determined by Koutechy–Levich
equation:27

1

J
¼ 1

Jk
þ 1

Bu1=2
(1)

B ¼ 0.2nFDO2

2/3n�1/6cO2
(2)
This journal is © The Royal Society of Chemistry 2016
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where J is the measured current density. Jk is the kinetic current
density. u is the electrode rotating rate. n is transferred electron
number per oxygen molecule. F is the Faraday constant (F ¼
96 485 C mol�1). DO2

is the diffusion coefficient of O2 in 0.1 M
KOH (DO2

¼ 1.9 � 10�5 cm2 s�1). n is the kinetic viscosity (n ¼
0.01 cm2 s�1). cO2

is the bulk concentration of O2 (cO2
¼ 1.2 �

10�6 mol cm�3). The constant 0.2 is adopted when the rotation
speed is expressed in rpm.

During the rotating ring disk electrode (RRDE) measure-
ments, the ring potential was biased at 0.30 V (vs. Hg/HgO). The
yield of HO2

� and the electron transfer number were calculated
by the following equations:28

HO2
� ð%Þ ¼ 200� IR=N

IR=N þ ID
(3)

n ¼ 4ID

ID þ IR=N
(4)

where N is the collection efficiency (N ¼ 0.38), ID and IR are the
disk current and the ring current, respectively.

The accelerated durability tests (ADTs) of the electrocatalysts
were performed in O2 saturated aqueous KOH electrolyte in the
potential range from 0.6 to 1.0 V with a scan rate of 50 mV s�1.

Zn–air battery was tested in a single cell purchased from
Shenyang Kejing Auto-instrument Co., Ltd (STC-LI-AIR, She-
nyang, China). The loadings of prepared catalysts and Pt/C (60
wt%, JM) on the gas diffusion layer (Teon-coated carbon ber
paper, 2.54 cm2) were xed at 1.0 mg cm�2 and 0.1 mgPt cm

�2,
respectively. Zn powder and 6 M KOH solution were used as
anode and liquid electrolyte, respectively. Measurements were
carried out at room temperature via a fuel cell test system (Arbin
Instrument Corp.) under 80 mL min�1

ow rate of O2 in the
cathode.
Scheme 1 Schematic representation of the synthesis of Nfn/PA/Fe-2.

This journal is © The Royal Society of Chemistry 2016
Results and discussion
Synthesis

On the bases of hybrid polymer matrix composite, the synthesis
route of Nfn/PA/Fe-2 is illustrated in Scheme 1. The key step is
the in situ polymerization of aniline monomers into Naon
framework to form hybrid polymer matrix composite. The
relative amount of Naon to aniline is found to be crucial for
the formation of hybrid polymer matrix composite (Scheme
S1†). Large amount of Naon in the reaction system is found to
hinder the polymerization of aniline and yellow aniline oligo-
mers are obtained (Fig. S1,† Nfn/PA/Fe-4). The polymerization
reaction only takes place when the mass ratio of Naon to
aniline is below 4. The polymer product is green, which is the
color of polyaniline (Fig. S1,† PA/Fe, Nfn/PA/Fe-2).

The formation of hybrid polymer matrix composite is
approved by the XRD patterns. As shown in Fig. 1a, peak A and B
of Nfn/PA-2 is negatively-shied by 1 and 1.3� with respect to
Naon, respectively, revealing that the polyaniline inserts into
the Naon matrix and enlarges the distance of Naon chain. In
general, the onset decomposition temperature is an indicator of
the thermal stability of polymer.29,30 The TGA curves of Nfn/PA-2,
Naon, and polyaniline in N2 atmosphere are compared in
Fig. 1b. The onset decomposition temperature of Nfn/PA-2,
Naon and polyaniline is found to be 340, 290 and 230 �C,
respectively, demonstrating the excellent thermal stability of Nfn/
PA-2. The residual weight of Nfn/PA-2, Naon and polyaniline at
900 �C is 23.5, 4.2 and 13.0 wt%, respectively, supporting the
increased thermal stability of Nfn/PA-2. Electrostatic interaction
in-between the amino groups of polyaniline and the sulfonate
groups of Naon is responsible for the increase of the thermal
stability of the hybrid polymer matrix composite,31 resulting in
the increase of the nitrogen content of prepared catalyst.
RSC Adv., 2016, 6, 59961–59969 | 59963
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Fig. 1 XRD (a) and TGA curves (b) of Nfn/PA-2 (before pyrolysis), Nafion and polyaniline.

Fig. 2 TEM images at different magnifications (a and b), STEM (c) and element mapping images for carbon (d), oxygen (e), sulfur (f), iron (g) and
nitrogen (h) of Nfn/PA/Fe-2.

59964 | RSC Adv., 2016, 6, 59961–59969 This journal is © The Royal Society of Chemistry 2016
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Physical characterization

The morphologies of the catalysts are shown in Fig. 2 and S2.†
Loose structure is observed in the low resolution TEM image of
Nfn/PA/Fe-2, which implies the existence of pore structures
(Fig. 2a).32 The amorphous carbon structure and the weak lattice
fringe image of the Nfn/PA-2 are observed in the high magni-
cation TEM (Fig. S2a†). In contrast, the clear and strong
Fig. 3 (a) Curves showing the dependence of the nitrogen contents on th
2, 4); (b) N 1s XPS spectra of Nfn/PA-2, PA/Fe, Nfn/PA/Fe-0.05, Nfn/PA/

This journal is © The Royal Society of Chemistry 2016
graphitic fringe image is displayed in PA/Fe (Fig. S2b†). The
difference in the graphitic fringe images between Nfn/PA-2 and
PA/Fe should be ascribed to the presence of iron element, which
is important for the formation of graphitic structure.21 The
clearest graphitic fringe image is obtained in the Nfn/PA/Fe-2,
indicating a further improvement of graphitic structure by the
simultaneous existence of iron element and Naon (Fig. 2b).
emass ratios of Nafion to aniline (PA/Fe and Nfn/PA/Fe-x, x¼ 0.05, 0.5,
Fe-0.5, Nfn/PA/Fe-2, Nfn/PA/Fe-4.

RSC Adv., 2016, 6, 59961–59969 | 59965
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Fig. 4 N2 absorption–desorption isotherms (a) and corresponding
pore size distribution curves (b) of Nfn/PA-2, PA/Fe, Nfn/PA/Fe-0.05,
Nfn/PA/Fe-0.5, Nfn/PA/Fe-2, Nfn/PA/Fe-4.

RSC Advances Paper

Pu
bl

is
he

d 
on

 1
0 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
by

 D
al

ia
n 

In
st

itu
te

 o
f 

C
he

m
ic

al
 P

hy
si

cs
, C

A
S 

on
 1

7/
12

/2
01

6 
01

:2
8:

39
. 

View Article Online
STEM and associated elemental mapping show the homoge-
neous distribution of oxygen, iron, sulfur and nitrogen
throughout the whole carbon structure for Nfn/PA/Fe-2 (Fig. 2c–
h), conrming the success of our synthesis.

XPS spectra of the prepared samples clearly indicate the
presence of carbon, nitrogen, oxygen, sulfur, iron in Nfn/PA/Fe-
2 (Fig. S3†), which are consistent with the results from
elemental mapping in Fig. 2c–h. The presence of sulfur in all
the catalysts synthesized here is due to the usage of ammonium
peroxydisulfate and Naon in the synthesis process. The effect
of sulfur on ORR activity is still in disputing. Ferrandon et al.
believe that the sulfur has little effect on ORR activity,33 while
some researchers have reported that sulfur-doped carbon
materials show high ORR catalytic activity.34–36 The well-resolved
C 1s spectra of Nfn/PA/Fe-2 (Fig. S3g†) can be deconvoluted to
several single peaks of O–C]O (288.9 eV), C–N and C]O (286.4
eV), C]N and C–O (285.4 eV) and C]C (284.5 eV), indicating
the existence of nitrogen-coordinated-carbon structure in the
prepared catalyst.37 The iron contents are extremely lower than
the nitrogen contents, suggesting that a number of nitrogen
functionalities are not coordinated with iron ions at the catalyst
surface (Fig. S3b–f†). The iron species may not act as the active
sites for ORR, but they have positive contribution to the
formation of active sites, which is consistent with the result
from B. N. Popov et al.38 Fig. S3h† shows the Fe 2p binding
energy region for Nfn/PA/Fe-2, which corresponds to two pairs
of peaks for Fe3+ (711.6 and 724.8 eV) and Fe2+ (710.0 and 722.5
eV) with a satellite peak at 716.0 eV. Notably, the signal of typical
metallic iron (707.0 eV) is not observed in this work, revealing
the absence of metallic iron nanoparticles.39 XRD patterns of
the prepared samples are shown in Fig. S4.†Diffraction peaks of
iron-containing nanoparticles are not detected in the Nfn/PA/
Fe-2. This suggests that the majority of the iron is removed
during the acid-leaching step and the trace iron remained is
homogeneous distribution in the sample, which is consistent
with TEM and XPS results of Nfn/PA/Fe-2 (Fig. 2g and S3h†).

The relationship between the nitrogen contents and the
mass ratios of Naon to aniline is depicted in Fig. 3a. The
nitrogen content for PA/Fe and Nfn/PA/Fe-0.05 is 3.43 and 4.38
at%, respectively, remarkable lower than that of Nfn/PA/Fe-2
(7.15 at%) (Table S1†), indicating that an appropriate amount
of Naon can increase the nitrogen content. The nitrogen
content of Nfn/PA/Fe-2 is also higher than those of the reported
catalysts (Table S2†). However, the aniline is not polymerized if
the amount of Naon is too high. For instance, the nitrogen
content of Nfn/PA/Fe-4 is only 5.34 at% when the mass ratio of
Naon to aniline is 4. The N 1s spectra of the samples are shown
in Fig. 3b. Four peaks are observed at 398.0 � 0.2, 399.2 � 0.2,
400.8� 0.2, and 402.4� 0.2 eV, which are assigned to pyridinic-
N, pyrrolic-N, graphitic-N and oxidized-N, respectively. It can be
seen from Table S1† that pyridinic-N and graphitic-N are the
dominant species, which are generally considered as efficient
ORR active sites.39–41

N2 adsorption–desorption isotherm curves are measured to
evaluate the textural properties of the prepared catalysts and the
results are shown in Fig. 4 and Table S1.† The specic surface
areas of the samples increases from 545 m2 g�1 (PA/Fe) to 1624
59966 | RSC Adv., 2016, 6, 59961–59969
m2 g�1 (Nfn/PA/Fe-4) with the increase of mass ratio of Naon to
aniline from 0 to 4. The largest specic surface area of Nfn/PA/
Fe-4 is consistent with the signicant weight loss (85.8%, Table
S1†) caused by the decomposition and volatilization of Naon
in the pyrolysis procedure.42 Both micropores (<2 nm) and
mesopores (2–50 nm) structures are conrmed from pore size
distribution curves (Fig. 4b), which afford numerous active sites
and enhance the mass transport of O2.23,24

Electrochemical characterization

The electrocatalytic activities of the catalysts to ORR are exam-
ined in 0.1 M KOH solution by CV and RDE measurements.
Contrast experiment is also carried out for a state-of-the-art
commercial Pt/C catalyst (20% Pt, JM) under the same condi-
tions. In the CV measurements, a typical double-layer capaci-
tance without any obvious redox peaks is observed for all
prepared catalysts in N2-saturated 0.1 M KOH solution
(Fig. S5†). The double-layer capacitances of the catalysts
increase with the increase of mass ratios of Naon to aniline,
showing the same trend with the specic surface areas (Fig. 4a).
As shown by ORR polarization curves in RDE measurements,
This journal is © The Royal Society of Chemistry 2016
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the half-wave potential of the Nfn/PA-2 and PA/Fe is only 0.757
and 0.720 V, respectively, exhibiting low activity (Fig. 5a). The
largest half-wave potential is obtained for the Nfn/PA/Fe-2
(0.879 V), which is higher than that of Pt/C catalyst (0.860 V).
Because the loading of Nfn/PA/Fe-2 (0.2 mg cm�2) is higher than
that of Pt/C (0.02 mgPt cm

�2) and the active sites in Nfn/PA/Fe-2
(0.2 mg cm�2) may be more than that in Pt/C (0.02 mgPt cm

�2).
Fig. 5b shows the kinetic current densities before and aer
normalized by the specic surface areas of the catalysts. While
the kinetic current density of Nfn/PA/Fe-2 (9.6 mA cm�2) is 6.9
times of Nfn/PA/Fe-0.05 (1.4 mA cm�2) before the normalization
by specic surface area, it decreases to 4.0 times aer the
normalization, suggesting that the larger specic surface area
in Nfn/PA/Fe-2 could be responsible for the enhancement of
ORR activity.26

Fig. 5c shows the comparison of the kinetic current densities
at 0.85 V of the catalysts with the amounts of accessible nitrogen
(nitrogen contents by specic surface areas).43 The same trend is
observed for both the kinetic current densities and the amounts
of accessible nitrogen. Such nding is not obtained for acces-
sible sulfur and iron (Fig. S6†). Both accessible pyridinic-N and
graphitic-N are found to follow the same trend with the kinetic
Fig. 5 ORR polarization curves (a) and kinetic current densities at 0.85 V
2, PA/Fe, Nfn/PA/Fe-0.05, Nfn/PA/Fe-0.5, Nfn/PA/Fe-2, Nfn/PA/Fe-4
prepared catalysts and the amounts of accessible nitrogen (c), different

This journal is © The Royal Society of Chemistry 2016
current density (Fig. 5d), revealing that the real active sites for
the ORR would be related to the pyridinic-N and graphitic-N
accessible sites.

The yield of HO2
� and the electron transfer number as the

function of the potential are plotted in Fig. S7.† The yields of
HO2

� for Nfn/PA/Fe-2 and Nfn/PA/Fe-4 are below 7.5% and
become comparable to that of Pt/C at 0.8 V (Fig. S7a†). The
electron transfer numbers of Nfn/PA/Fe-2 and Nfn/PA/Fe-4 are
above 3.8 (Fig. S7b†), which are consistent with the results from
the Koutechy–Levich plots (Fig. S8†), suggesting a four-electron
pathway for ORR.8

To assess the electrochemical durability of the catalysts, Nfn/
PA/Fe-2 and Pt/C catalysts are cycled between 0.6 V and 1.0 V at
50 mV s�1 in 0.1 M KOH under O2 atmosphere (Fig. 6). Aer
5000 cycles in alkaline media, the half-wave potential of Nfn/PA/
Fe-2 only decreases by 19 mV, which is half of the Pt/C catalyst
(37 mV). This suggests the Nfn/PA/Fe-2 holds the excellent
electrochemical durability.

The activities of the prepared catalysts are further evaluated
the performance in Zn–air cell and a photo of the single cell to
test Zn–air battery is shown in Fig. S9.† The peak power density
of the cell with Nfn/PA/Fe-2 is 145.7 mW cm�2, which
before and after normalized by the specific surface areas (b) of Nfn/PA-
and Pt/C (JM); relationship between kinetic current densities of the
nitrogen types (d).
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Fig. 6 ORR polarization curves of Nfn/PA/Fe-2 (a) and Pt/C (JM) (b) before and after 5000 CV cycles in O2-saturated electrolyte.

Fig. 7 Polarization and power density curves of Zn–air batteries using
PA/Fe, Nfn/PA/Fe-2 and Pt/C (60 wt%, JM) as ORR catalysts.
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approaches to the value of commercial Pt/C (152.9 mW cm�2).
At the current density lower than 100 mA cm�2, the voltage of
the cell with Nfn/PA/Fe-2 is slightly higher than that of Pt/C, and
much higher than that of PA/Fe, which supports the best activity
of Nfn/PA/Fe-2 as analyzed above. The catalyst layer of cathode
with Nfn/PA/Fe-2 (1 mg cm�2) is thicker than that with Pt/C (0.1
mgpt cm

�2). Note that the mass transport of O2 is sensitive in
the region of higher current density. In general, the cathode is
the thinner, the mass transport of O2 the better.44 In this
context, the performance of Nfn/PA/Fe-2 is slightly inferior than
that of Pt/C in the region of higher current density (Fig. 7).
Conclusions

In situ polymerization of aniline monomers into Naon frame-
work has been employed to synthesize hybrid polymer matrix
composite, which serves as a novel nitrogen precursor for MNC
catalyst. The electrostatic interaction between the amino groups
of polyaniline and sulfonate groups of Naon is found to be
helpful for the thermal stability of the nitrogen precursor,
59968 | RSC Adv., 2016, 6, 59961–59969
which increases the nitrogen content of the catalyst. High
specic surface area can be achieved via the decomposition and
volatilization of Naon in the pyrolysis procedure. The Nfn/PA/
Fe-2 exhibits the best ORR activity, which holds high nitrogen
content (7.15 at%) and large specic surface area (1325 m2 g�1).
The half-wave potential of the Nfn/PA/Fe-2 is 0.879 V, which
only decreases by 19 mV aer 5000 cycles in alkaline media,
exhibiting the excellent electrochemical durability. The real
active sites of the prepared catalysts would be related to the
pyridinic-N and graphitic-N accessible sites. The Zn–air battery
with Nfn/PA/Fe-2 as cathode catalyst shows good performance
with a peak power density of 145.7 mW cm�2, which is
comparable to that with Pt/C catalyst.
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