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KEYWORDS Abstract The iron-functionalized halloysite nanotudes is synthesized as a tubular template from
Iron/nitrogen-doped; an iron-nitrogen co-doped carbon nanocatalyst derived from the polyaniline pyrolysis of Oxygen
Halloysite; reduction reaction (ORR). The use of iron-doped sites exposes the surface of the material to more
Template-assisted; graphite defects, effectively increasing the specific surface area of the carbon nanotubes and opti-
Polyaniline; mizing the density of the nitrogen-containing active sites. We have found that this iron-nitrogen
Oxygen reduction reaction co-doped carbon nanotube exhibits a superior ORR performance with a half-wave potential of

0.77 V in the 0.1 mol L~! KOH aqueous solution. The electrochemical stability test was carried

out at 1600 rpm. The half-wave potential showed only a degradation of 8 mV, which was better

than the commercial 20% Pt/C (18 mV). This study developed an economical method for the direct

synthesis of iron-nitrogen co-doped carbon nanotubes using a hard template.

© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The energy crisis and environmental pollution are getting
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required to accelerate the reaction, which greatly affects the
working efficiency of the fuel cell (Bao et al., 2013). Precious
) metal ORR catalysts can improve their catalytic performance
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solution by optimizing metal nanostructures (Xue et al., 2018;
Zhao et al., 2018; Xu et al., 2016). At present, most of the cath-
ode oxygen reduction catalysts used on the market is Pt/C cat-
alysts. Due to the high price and instability of Pt / C catalysts,
the large-scale use of fuel cells is limited. Therefore, it is urgent
to develop a low-cost, high-efficiency oxygen reduction cata-
lyst to replace Pt/C.

Recently, studies have shown that metal-free nitrogen-
doped carbon nanomaterials have potential catalytic oxygen
reduction properties (Kou et al., 2018). Jiang et al. (2017) pre-
pared a stretchable double-walled nitrogen-doped carbon
nanofiber through a Petri-dish wetspinning method, which
showed 100% strain stability in the electrode, but could not
achieve high catalytic performance similar to Pt/C. Single-
atom doped catalytic materials have been difficult to meet
practical needs. (Guo et al., 2016; Xu et al., 2017; Higgins
et al., 2014) More and more scientists are beginning to study
alkaline fuel cells, (Osmieri et al., 2018; Pan et al., 2018) tran-
sition metal oxide-based catalysts (Gao et al., 2017; Kim et al.,
2016; Ratso et al., 2017) and transition metal/N/C catalysts (Ai
etal., 2017; Cai et al., 2017; Papiya et al., 2017; Ma et al., 2018;
Lin et al., 2018; Jia et al., 2016; Lei et al., 2018). Kumar et al.
(2016) prepared a ternary composite with acicular FesO4 on
the surface by mechanical mixing. It has a higher specific sur-
face area and still maintains superior ORR performance under
high temperature conditions. However, the properties of tran-
sition metal oxides are closely related to oxygen vacancies
(Haemori et al., 2009), which seriously affect the long-term sta-
bility of the catalyst. Ai et al. (2017) obtained a high perfor-
mance Co-N-C nanocatalyst by heat treating a metal organic
precursor. However, metal macrocyclic compounds are easily
decomposed by hydrolysis and intermediates, resulting in
extremely poor electrode stability. Although heat treatment
can improve its stability, it still has a gap with the Pt/C cata-
lyst. Qiao et al. (2017) successfully prepared a three-
dimensional network of Fe-N-C nanocatalysts adsorbing iron
ions in an aniline precursor. This material is superior in cat-
alytic activity and stability. Carbon-based nanomaterials not
only provide good stability of the catalyst, but also the
metal-nitrogen interaction greatly enhances the ORR activity
of the catalyst. Compared with metal-based nanomaterials,
the Fe-N-C catalyst preparation method is simpler, the raw
materials are more economical, and the stability is better.
The catalyst performance is superior to that of the metal-free
nanocatalyst. Therefore, loading Fe-N-C active species into
the CNTs structure has the potential to be an effective method
for preparing high performance ORR catalysts.

Due to the unique properties of Fe** in the synthesis pro-
cess, a new method for synthesizing iron-nitrogen co-doped
carbon nanotubes has been developed in this paper. Halloysite
nanotubes are a natural and safe nanomaterial with low prices
and abundant reserves Lvov et al. (2016). The halloysites of
different geological deposits have different microstructures
Cavallaro et al. (2018). Makaremi et al. (2017) found that
shorter nanotubes are better able to encapsulate salicylic acid
into their lumen than patchy structure and longer tubes of
patch halloysite nanotubes. In the pH range of 2-8, halloysite
has a positively charged inner cavity and a negatively charged
outer surface because the outer surface is composed of Si-O-Si
groups and the inner surface is composed of AI-OH groups
Cavallaro et al. (2016). Recently, the surface modification of
the halloysite cavity by an anionic surfactant has been studied,

and an inorganic micelle capable of dissolving hydrophobic
contaminants has been prepared Cavallaro et al. (2018). There
have been many reports on the application of halloysite in
metal nanomaterials (Massaro et al., 2017; Samahe et al.,
2018), polymers (Cavallaro et al., 2018; Vasiliev et al., 2017;
Ye et al., 2017), heavy metal ions (Vinokurov et al., 2017)
and metal organic framework materials (Liang et al., 2019).
Its high specific surface area provides a rich active site for
the adsorption of iron ions (Joussein et al., 2005). The tubular
structure of halloysite can be a template for the core-shell
metal support for mesoporous catalysts (Lazzara et al.,
2018). The unique hollow tubular structure of HNTs makes
its inner and outer surfaces rich in hydroxyl groups, which
can induce the growth of polyaniline in situ (Li et al., 2013;
Liu et al., 2019). Polyaniline has been shown to be rich in
nitrogen and carbon sources. It has good electrical conductiv-
ity itself. When Fe®* ions are introduced into the polyaniline
synthesis system, iron ions can be combined with the imine
N and amine N atom of the polyaniline chain to form
PANI-iron coordination polymer (Izumi et al., 2006; Wang
et al., 2014). Polyaniline synergizes with halloysite to promote
the doping of iron ions. The iron-functionalized halloysite nan-
otubes/polyaniline (Fe-HNTs/PANI) pyrolyzes and etches
away the mineral template, and finally successfully prepares
a catalyst material with excellent catalytic oxygen reduction
activity and stability. The iron and nitrogen doping content
can be effectively increased by adjusting the pyrolysis temper-
ature. Compared with the traditional method, this strategy of
using ion adsorption to achieve transition metal doping pro-
vides a new idea for the development of non-precious metal
oxygen reduction catalysts.

2. Experimental

2.1. Materials and methods

Halloysite (Al,Si,Os5(OH)4-2H,0) was purchased from Jiangsu
NDZ Technology Group Co., Ltd. The 5 wt% nafion solution
used to prepare the electrode was purchased from Sigma-
Aldrich. The aniline needs to be distilled under reduced pres-
sure before use to ensure its purity. All reagents (National
Medicine Chemical Reagent Co., Ltd. China) were of analyti-
cal grade and could be used without further purification. The
water used in this study was deionized by milli-Q Plus system
(Millipore, France), having 18.2 MQ electrical resistivity.
First, 2.7 g of FeCl;-6H,O was mixed with 125 ml pure
water to prepare a ferric chloride solution. The solution con-
centration was 0.08 mol-L~'. The pure halloysite was dispersed
in a ferric chloride solution and stirred for 12 h to obtain iron
ion-functionalized halloysite nanotubes (Fe-HNTs). In order
to adsorb more iron ions on the surface of HNTSs, it is neces-
sary to ensure a molar ratio of HNTSs to ferric chloride of 1:1.
Second, 1 ml aniline was added to mix with Fe-HNTSs to
obtain a mixture A. Here, the amount of aniline is controlled
to adjust the wall thickness of the nanotubes. It has been
reported in previous articles in our group. (Liu et al., 2019)
Next, ammonium persulfate solution B was prepared in a typ-
ical procedure. Both Mix A and Solution B controlled the
acidity to 0.8. Finally, solution B was added dropwise to the
mixture A under ice bath conditions at 0 °C until the system
was dark green. The ice bath was removed and stirring was
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continued for about 12 h. The dried product was named Fe- ' ="'+ B 0w '/ (1)
HNTs/PANI hybrid.

For pyrogenic carbonization of PANI, Fe-HNTs/PANI B=0.2nF(D,)"*v"°C, (2)

was calcined under a nitrogen atmosphere for 2 h. The calcina-
tion temperature was controlled at 700, 800 and 900 °C, and
the heating rate is 5 °C/min. After cooling to room tempera-
ture, it was quickly etched with 20 wt% HF. The long-term
presence of HF in the system will result in the loss of Fe spe-
cies. Washing it to neutral with pure water and dring it in an
oven at 60 °C to obtain product Fe/N-CNTs. For the purpose
of distinction, the Fe/N-CNTs obtained under different calci-
nation conditions at 700, 800 and 900 °C were denoted as
Fe/N-CNTs(700), Fe/N-CNTs(800) and Fe/N-CNTs(900),
respectively. Iron-free nitrogen-doped carbon nanotubes were
prepared using pure HNTs as a template. The amount of the
reactant was constant, and the carbonization temperature
was 900 °C. The product was named N-CNTs(900).

2.2. Electrochemical tests

All electrochemical data was tested by a BioLogic VMP3 elec-
trochemical workstation with a standard three-electrode sys-
tem. Saturated calomel electrode (SCE) and Pt foil were used
as the reference electrode and the counter electrode, respec-
tively. The glass carbon (GC) substrate was coated with differ-
ent catalysts and applied as the working electrode, which was
confined in a rotating ring-disk electrode (RRDE, Pt ring and
GC disk, 6.25 mm in disk diameter). The formulation of the
working electrode refers to the previous method of our group.
(Liu et al., 2019) The details are as follows. 5.00 mg of the cat-
alyst was ultrasonically dispersed in a mixture of 50 pL Nafion
and 950 pL isopropanol to form a uniform ink. The pipette
was pipetted with 6 pL of ink onto the GC surface and then
naturally dried for 2 h to form a thin catalyst layer. All samples
produced a loading of 0.15 mg-cm~? including commercial Pt/
C (20 wt%, Johnson Matthey).

The test environment was controlled at 25 °C by a constant
temperature water bath. The supporting electrolyte was
0.1 mol-L~' KOH aqueous solution, which was purged with
N, or O, (Air Product, purity 99.995%) for at least 30 min
prior to testing and maintained under N, or O, atmosphere
during the test. The cyclic voltammogram (CV) of 0.2-0.8 V
versus SCE was recorded in a static electrolyte at a scan rate
of 20 mV s~'. A rotating disk electrode (RDE) recorded the
linear sweep voltammogram (LSV) at a scan rate of 5 mV-s~!
in an O,-saturated electrolyte. The speed is selected from 400
to 2025 rpm. All potentials were reported with reference to
the reversible hydrogen electrode (RHE) potential scale. In
0.1 mol-.L™" KOH solution, the potential of SCE was cali-
brated as +0.990 V with respect to RHE.

I-t chronoamperometric measurements was carried out in
an O, saturated 0.1 M KOH aqueous solution (100 ml). The
speed of the rotating disk electrode (RDE) is chosen to be
400 rpm. The durability test for methanol, methanol (5 ml)
was add to the O, saturated 0.1 M KOH (100 ml) aqueous
solution around 400 s. The speed of the rotating disk electrode
(RDE) is chosen to be 1600 rpm.

Koutecky-Levich (K-L) plots were analyzed at various elec-
trode potentials. The slopes of their best linear fit lines were
used to calculate the electron transfer number (n) on the basis
of the K-L equation:

where F is the Faraday constant, Cq, is the bulk concentration
of 0,5, Do, is the diffusion coefficient of O, in 0.1 mol-L™!
KOH electrolyte, v is the kinematic viscosity of the electrolyte.

The ring electrode can detect the intermediate product
hydrogen peroxide produced by the ORR catalysts on the disk
electrode, and the percent content of hydrogen peroxide (Yper-
oxide) 1 the ratio of the amount of hydrogen peroxide gener-
ated in the ORR total product. On account of the disk
current (i) and ring current (i), the Yyperoxide and electron
transfer number (n) can be calculated based on the following
equations:

i\/N

' eroxide = 200 ——— 3
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where N is the current collection efficiency of RRDE. N was
determined to be 0.37.

2.3. Characterization

Morphologies were characterized with a transmission electron
microscopy (TEM, Tecnai-12, Holland-Philips) and a high res-
olution transmission electron microscopy (HRTEM, Tecnai
G2 F30 S-Twin, Holland-FEI). X-ray diffraction (XRD) mea-
surements of the synthetic catalyst were performed on an
APEX II DUO ray diffractometer using a Mo, Cu dual source
system. The XRD pattern was obtained in a step-scanning
mode with narrow receiving slit (0.5°) of counting time
15 5/0.1°.The Fourier transform infrared spectrometry (FTIR)
spectra (Nicolet iS50, United States-Thermo fisher) were
recorded in the range of 400—4000 cm~'. The samples were pre-
pared in a pellet form with spectroscopic grade KBr. The speci-
fic surface area and pore size were studied by using a
Autosorb-iQ2-MP (United States -Quantachrome) analysis
instrument. The surface area was determined from the adsorp-
tion isotherm using the multipoint Brunauer-Emmett-Teller
(BET) method. The desorption isotherm were used to deter-
mine the average pore size and distribution by the Barrett-
Joyner-Halenda (BJH) method. X-ray photoelectron spec-
troscopy (XPS) data were recorded on a Thermo ESCALAB
250 using a nonmonochromatized Al Ko X-ray (1486.6 e¢V)
as the excitation source and choosing C 1 s as the reference
line.

3. Results and discussion

3.1. Structural characterization

The synthetic route for the synthesis of iron-nitrogen co-doped
carbon nanotubes using an iron-functionalized halloysite tem-
plate is shown in Scheme 1. The morphology of Fe-HNTs/
PANI and Fe/N-CNTs was characterized by TEM. Fig. S1b
shows the rough surface of halloysite, indicating a successful
loading of the polyaniline. After the composite material is car-
bonized and the mineral template is etched away, the tubular
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Scheme 1  Schematic representation of the preparation processes of Fe/N-CNTs.

Fig. 1 (a) TEM and (b) SEM images of Fe/N-CNTs(800). (d, e) SEM-EDS maps of Fe, N, C and O of Fe/N-CNTs(800).

morphology remains good. The iron-nitrogen co-doped car-
bon nanocatalyst synthesized through this scheme can be seen
from Fig. la. The tube diameter is about 50-100 nm, and the
tube length is between 0.2 and 1.0 um. Further observation of
the graphite lattice of the material reveals the exposed defect

structure on the surface of the nanotube (Fig. Slc). This is
due to the presence of Fe species which promotes the doping
of more N atoms into the graphite carbon layer. Edge-
exposed edge defects help provide more catalytically active
sites. (Matter et al., 2006; Maldonado and Stevenson, 2004;
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Meng et al., 2010) Corresponding SEM characterization
(Fig. 1b) reconfirmed the tubular morphology of the catalyst
material. Further enlargement reveals the tubular cross section
of the nitrogen-doped carbon nanotubes (Fig. Ic¢). The unique
hollow tubular structure provides a rich active site for the cat-
alytic oxygen reduction reaction. In addition, the SEM-EDS
surface scan clearly shows the presence of Fe and N (Fig. 1d).

Fig. 2a shows the Fourier transform infrared spectrum of
the nanotubes during the preparation process. In addition to
the characteristic peaks of Fe-HNTs, a new peak attributed
to PANI can be observed in the infrared spectrum of Fe-
HNTs/PANI. The details are as follows: at 3695 and
3625 cm™! in the high frequency region, the tensile vibration
peak of O-H of the structural water in the halloysite.
(Theng, 1982) In addition to the O-H characteristic peak in
the intermediate frequency region, SiO-O stretching vibration
peaks appeared at 1101 and 1030 cm™'. (Huang et al., 2016)
The peaks at 536 and 471 cm™ ! in the low frequency region
are attributed to the vibrational absorption of Si-O and Al-
O, respectively. (Zuo et al., 2013) After the polyaniline coating
is formed, the vibration peak attributed to O-H in the hal-
loysite in the high frequency region almost disappears. This
indicates that O—H on the surface of halloysite was destroyed
during the induction of polyaniline synthesis. The vibration
peaks at 1576 and 1492 cm™" appearing in the intermediate fre-
quency region are attributed to the characteristic vibrations of
the polyaniline quinoid structure and the phenylene structure,
respectively. Peaks at 1303 and 1244 cm™" are attributed to the
C-N stretching vibration of the polyaniline skeleton and the
doped polyaniline. After calcination of the composite material,
the characteristic peak of polyaniline disappeared in the infra-
red spectrum and became a broad absorption peak appearing
around 1590 cm™'. This broad peak is attributed to the vibra-
tion of the C=N bond in the anthracene ring and the pheny-
lene ring. When the halloysite frame is removed, the
characteristic peaks belonging to the halloysite in the infrared
spectrum completely disappear. Combined with the electron
micrograph, it can be considered that the template in the syn-
thesized nanotube has been completely removed, and the resid-
ual of the template will affect the activity of the material to
catalyze oxygen reduction. Furthermore, a new peak at

630 cm ™! in the infrared spectrum of Fe/N-CNTs is attributed
to the absorption vibration of Fe—O in magnetite. The catalytic
material was characterized by XRD (Fig. 2b). The nitrogen-
doped carbon nanotubes prepared by the same method
showed characteristic peaks attributable to the (002) and
(101) planes of graphite carbon at 26.382° and 44.391°, respec-
tively (JCPDS card no. 41-1487). This is a typical chaotic car-
bon structure. (Tran et al., 2016) There are no characteristic
peaks of any iron-containing compound in the figure. An
XRD pattern of iron-nitrogen co-doped carbon nanotubes is
shown in Fig. 2b. There are many sharp peaks at the graphite
carbon (002) plane, which is due to the fact that iron doping
causes new species to appear in the graphite defect. Further,
diffraction peaks attributed to FesN were observed at 20 =
41.076° (002), 43.734° (111), and 68.703° (103) (JCPDS card
no. 49-1664). A diffraction peak attributed to Fe-C was
observed at 20 = 45.778°, 50.570° and 56.456° (JCPDS card
no. 06-0686). A diffraction peak attributed to Fe,O; was
observed at 20 = 54.089° (116) (JCPDS card no. 33-0664).
The results indicate that iron exists in many different forms
in nitrogen-doped carbon nanostructures. The catalyst mate-
rial is composed of a mixture of Fe-N, Fe-C, and Fe-O com-
pounds. Combined with electron microscopy and infrared, it
was once again proved that iron-nitrogen co-doped carbon
nanotubes were successfully synthesized. In addition, amor-
phous phase iron species cannot be identified by XRD, so
extra Raman and XPS are analyzed for iron and nitrogen con-
tent and chemical environment.

As shown in Fig. 3a, the degree of graphitization of iron-
nitrogen co-doped carbon nanotubes was characterized by
Raman spectroscopy. All samples showed two broad peaks
at ~1377 and 1587 cm™, assigned to the D and G bands,
respectively. Typically, the intensity ratio of D-band to G-
band (Ip/lg) is used to qualitatively analyze the degree of
graphitization. The D band represents defective and amor-
phous carbon nanostructures, and the G band represents the
in-plane stretching vibration of ordered carbon atom sp’
hybrid. (Zi-Wu et al., 2011; Dae-Soo et al., 2012) Compared
with the Raman spectrum of N-CNTs(800), Fe/N-CNTs
(700), Fe/N-CNTs(800) and Fe/N-CNTs(900) showed more
disorder. This is because iron doping destroys the graphite lat-

g C (002) % Fe- )
TN Fe-N e Fe-O
AEEE T e e B (O s
Fe/N-CNTs
' 3 =
Z N oo oNTs o =
— - ~
= In 2
2 A R G = C(002)
8 2
= =)
= Fe-HNTS/PANI . =
N-CNTs
‘k\/ Fe-HNTs C(101)
_OH__ ™ o ] -
T T T T T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 10 20 30 40 50 60 70
Wavenumbers (cm'l) 20(°)

Fig. 2

(a) FTIR spectra of Fe/N-CNTs. (b) XRD pattern of the Fe/N-CNTs(800) and N-CNTs.
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tice and exposes the surface to more defects. The results were
consistent with HRTEM. Structural disorder and exposed
facet defects are important factors affecting the adsorption
of intermediates and increasing the electrocatalytic activity of
materials. (Stephen and Stevenson, 2005) Comparing the
degree of graphitization of three materials, the Ip/Ig value of
Fe/N-CNTs(800) was the smallest. It is proved that Fe/N-
CNTs(800) has the highest degree of graphitization. A higher
degree of graphitization helps to increase the electrical conduc-
tivity of the material, thereby promoting the catalytic oxygen
reduction reaction (Shanmugam and Osaka, 2011).

The elemental composition and chemical environment of
the material were further analyzed by XPS. Fig. 3b shows
the measured spectra of Fe/N-CNTs(700), Fe/N-CNTs(800)
and Fe/N-CNTs(900), revealing the presence of C, N, O and
Fe. The analytical data found that the nitrogen atomic per-
centage of Fe/N-CNTs (700), Fe/CNTs (800) and Fe/N-
CNTs (900) were 11.92%, 9.88%, and 8.09%, respectively.
Analysis of the measured spectral data revealed that the Fe
atomic percentage of Fe/N-CNTs(700), Fe/N-CNTs(800) and
Fe/N-CNTs(900) were 0.95%, 0.72%, and 0.49% (Fig. 3c).
The results show that too high a carbonization temperature
will affect the content of hetero atom doping. Using induc-
tively coupled plasma optical emission spectroscopy (ICP-
OES) secondary analysis, the iron content was 1.37%,
0.91%, and 0.54%. The test results were slightly higher than
those of the XPS analysis. This may be because iron ions were
present on both the inner and outer surfaces of the tubular
structure. For confirming the presence of Fe in XRD, we per-
formed an analysis of the Fe 2p>? spectrum on the same sam-
ple (Fig. 3f). The Binding Energy of Fe 2p*? in the interval
710 eV to 715 eV suggests the presence of iron oxide. In addi-
tion to this, there is a distinct peak due to the Fe-N bond at
~708 eV. Interestingly, the doping of iron improved the nitro-
gen content and the nitrogen content increased by about 2%
(Fig. S2a). N doping is the key to increasing the activity and
selectivity of carbon nanotube catalysts. (Kuanping et al.,
2009; Qiu et al., 2011; Strelko et al., 2000) The N 1s spectra
of iron-nitrogen co-doped carbon nanotubes were analyzed
by AVANTAGE software. Fig. 3d shows the N Is spectra of
different materials. It can be clearly seen that the N 1s spec-
trum is decomposed and convolved to ~398, ~400, and
~401 eV correspond to pyridine N, pyrrole N and graphitic

1000
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N. It has been reported in the literature that pyridinic N can
improve the initial potential of oxygen reduction, making the
reaction more tend to the four-electron transfer pathway.
The significance of pyridine nitrogen for promoting oxygen
reduction reaction has also been reported. (Lai et al., 2012;
Liu et al., 2009) Therefore, we mainly focus on the content
of pyridinic N. Comparing the contents of different types of
nitrogen, it was found that Fe/N-CNTs(800) had the most
pyridinic N (44.23%) (Fig. 3e). The pyridinic N content of
the nitrogen-doped carbon nanotubes prepared under the same
conditions was only 21.56% (Fig. S2b). Iron doping improves
the pyridinic N content. The improvement of the pyridinic N
content ensures high oxygen reduction activity.

As shown in Fig. 4a, the adsorption-desorption curves of all
samples showed a type IV isotherm curve and a distinct H1
type hysteresis loop appeared in the medium and high pressure
regions, demonstrating the ordered mesoporous structure of
the sample. The pore structure of the carbon material changes
as the heat treatment temperature changes. When the calcina-
tion temperature was raised from 700 °C to 900 °C, the specific
surface area of the material was reduced from 767 m~2 g~! to
540 m~2.g~!. Furthermore, the pore size distribution of differ-
ent materials was analyzed by the BJH (adsorption curve)
method. The corresponding average pore diameters were cal-
culated to be 13.7568, 19.4018 and 13.9994 nm (Fig. 4b). Com-
paring the nitrogen-doped carbon nanotubes (322 m~2 g ')
prepared under the same conditions, the iron doping improved
the specific surface area of the nanotubes by about two times.
The superior specific surface area may provide more active
sites for the catalyst to promote the oxygen reduction reaction.

3.2. Electrocatalytic performances

Further explore the process of catalytic oxygen reduction of
iron-nitrogen co-doped carbon nanotubes. The material was
tested for CV data under alkaline conditions. Fig. S3a-c show
cyclic voltammetry curves of Fe/N-CNTs(700), Fe/N-CNTs
(800) and Fe/N-CNTs(900) in N, and O, saturated electrolyte
solutions, respectively. It can be observed that almost no oxy-
gen reduction current exists under the Nj-saturated condition,
and a significant reduction current occurs when O, is satu-
rated, which proves the occurrence of oxygen reduction reac-
tion. The reduction potential is concentrated between 0.6

0164 (b) —=— Fe/N-CNTs(700)
—e— Fe/N-CNTs(800)
—a— Fe/N-CNTs(900)

0.12 -

0.08 -
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(a) N, adsorption-desorption isotherms and (b) pore size distribution of Fe/N-CNTs.
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Fig.5 (a) CV profiles (scanning rate of 20 mV s~ ') of all the samples in O-saturated 0.1 mol-L~' KOH solutions. (b) LSV curves of all

the samples recorded at 1600 rpm in O,-saturated 0.1 mol-L~' KOH solution. (c) The differential plots of I versus E constructed from the
LSV curves. From the sharply increased slope of the plots, the onset potential indicative of the start of the ORR can be clearly seen. (d) K-
L plots of different catalysts at 0.3 V. (e) The Tafel curves of N-carbon nanotubes. (f) The electron transfer number (solid line) and
Peroxide yield (dotted line) of N-Carbon nanotubes at different potentials.

and 0.8 V. When the heat treatment temperature was 800°C,
the highest oxygen reduction potential was 0.75 V (Fig. 5a).
It is proved that when Fe/N-CNTs(800) catalyzes the oxygen
reduction reaction, the reduction reaction is easier to occur.
The material was subjected to LSV data testing using a rotat-

ing ring disk electrode (RDE). In order to investigate the kinet-
ics and electron transfer number of the oxygen reduction
reaction, the LSV curves of the reactions at different rotation
speeds (400-2025 rpm) were tested (Fig. S3d-f). It can be
observed that as the rotational speed increases, the initial
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potential of the catalytic reaction of the same catalyst hardly
changes, and the limiting current density increases. This
demonstrates that the rate of O, diffusion on the catalyst sur-
face during the reaction has an important effect on the reaction
rate. Comparing the LSV curves of the oxygen reduction reac-
tions catalyzed by different materials at 1600 rpm, Fe/N-CNTs
(800) had the highest initial potential of ~0.882 V (Fig. 5¢c). The
half-wave potential of Fe/N-CNTs(800) was calculated to be
0.766 V (Fig. 5b), which is almost identical to commercial
Pt/C-20% (0.769 V, Sigma). It exhibited superior oxygen
reduction catalytic activity than nitrogen-doped carbon nan-
otubes without iron (Table 1). Koutecky-Levich (K-L) plots
of different catalyst catalytic reactions were calculated from
LSV at different speeds (Figure S4). The K-L equation
obtained at different electrode potentials of the same catalyst
is linear and the slope is basically the same, which proves that
the electron transfer number of the unit oxygen molecules is
the same at different potentials. The intercept of the K-L equa-
tion represents the reaction kinetic current density j,.. When the
calcination temperature is 800 °C, the maximum j, value is
obtained, which corresponds to excellent oxygen reduction
activity (Fig. 5d). Fig. 5e plots the Tafel curve of the reaction
in the range of 0.6-0.9 V. Through the Tafel slope calculation,
Fe/N-CNT (700) is 120.69 mV/decade, Fe/N-CNT (800) is
80.38 mV/decade and Fe/N-CNT(900) is 107.99 mV/decade.
The reaction slope of Fe/N-CNTs(800) is the smallest, which
proves that the oxygen reduction reaction is most likely to
occur under the catalytic conditions of Fe/N-CNTs(800). In

order to further confirm the process of oxygen reduction, the
ring current and the disk current were measured by the for-
mula (see support information for details) to calculate the per-
oxide (HO?) yield and electron transfer number during the
oxygen reduction reaction. As shown in Fig. 5f, the HO*" yield
was minimal (~2%) during the oxygen reduction reaction cat-
alyzed by Fe/N-CNTs(800). This yield is much lower than the
prepared nitrogen-doped carbon nanotubes because iron dop-
ing increases the pyridinic nitrogen content of the catalyst and
promotes the four-electron transfer pathway of the reaction
(Table 1). The number of electron transfer (n) of Fe/N-
CNTs(800) calculated by the formula is stable at ~3.93
(Fig. 5f).

Stability is an important parameter of the catalyst in prac-
tical applications. (Fu et al., 2013; Niu et al., 2013) Nitrogen
doping enhances the interaction between the metal atom and
carbon support, thereby exhibiting superior catalytic stability.
Fig. 6 shows the durability tests for Fe/N-CNTs(800) and Pt/
C. The LSV curve at 1600 rpm was subjected to 1000 cycles of
testing at 20 mV-s~! in O,— saturated 0.1 mol-L~! KOH by a
voltage of 0.2—-1.2 V. Catalyst stability was evaluated based on
the degradation of the half-wave potential. It can be clearly
seen that the half-wave potential of the Fe/N-CNTs(800) cat-
alyst shows only a negative shift of 8 mV. The degradation
of the Pt/C catalyst was 18 mV (Fig. 6a). The results show that
the interaction between Fe ions and N is strong enough to give
a durable activity of Fe/N-CNTs for ORR. Table 1 summa-
rizes the properties of iron-nitrogen co-doped carbon nan-

Table 1 Summary of properties and electroactivity for the synthesized catalysts.*

Samples Fe atomic N atomic Pyridinic N Specific surface Eqnser (V) Epar (V) n
percentage (at. %) percentage (at. %) content (at. %) area (cm” g ')

Fe/N-CNTs(700) 0.95 11.92 31.71 767 0.855 0.73 3.83

Fe/N-CNTs(800) 0.72 9.88 4423 659 0.882 0.77 3.93

Fe/N-CNTs(900) 0.49 8.09 32.66 540 0.866 0.75 3.88

N-CNTs(900) 6.00 21.65 322 0.862 0.72 3.78

? Eonset» Enalf, and n denote onset potential, half-wave potential and electron transfer number, respectively.

T
: (a)
04 Ng-w
& (i
§ 4df
< g
é -2 e — pucnda
> ; ‘ ‘ PE T80 s
'5 0.2 04 0.6 0.8 1.0
= Potential (V vs. RHE)
3o -3
o AE, =8 mV .
- 1/2 ’
=
o
£ -4
=
O
-5 4 Fe/N-CNTs(800) Inicial
- - - Fe/N-CNTs(800) 1,000 cycles
T T T T
0.2 0.4 0.6 0.8 1.0
Potential (V vs. RHE)
Fig. 6

durability test of Fe/N-CNTs(800) and Pt/C for methanol.

100 1 (b)
90
& 801 \
S CH,OH
CO
~ 70
60 -
Fe/N-CNTs(800)
—PYC
50 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500
Time (s)

(a) Stability tests of Fe/N-CNTs(800) and Pt/C catalysts through 1000 potential cycles between 0.3 and 1.2 V at 5mV s™'. (b) The



Functionalized halloysite template-assisted polyaniline synthesis high-efficiency

4963

otubes prepared at different heat treatment temperatures, and
compares the performance of nitrogen-doped carbon nan-
otubes studied by our group. It has been found that iron dop-
ing provides a superior specific surface area for carbon
nanotubes. These values are twice that of nitrogen-doped car-
bon nanotubes. At the same time, iron doping improves the
total nitrogen content and the pyridine nitrogen content in
the catalyst material. Among them, Fe-NCNTs(800) showed
the best overall performance. The electrochemical stability of
Fe/N-CNTs(800) was measured by a chronoamperometric
measurements (Figure S5) and the results were similar to the
LSV curve. After continuous operation for 20,000 s, the cur-
rent density of Fe/N-CNTs(800) remained at about 92.8%,
which was significantly higher than commercial Pt/C
(79.4%), indicating that Fe/N-CNTs(800) has excellent dura-
bility to ORR. This may be related to its stable porous struc-
ture, providing various means for mass transit. To monitor
unwanted methanol crossover of the Fe/N-CNTs(800),
chronoampero-metric ~ measurements  were  conducted
(Fig. 6b). After injecting methanol, no significant change was
observed in the ORR current density of Fe/N-CNTs(800),
which means that it is highly resistant to methanol cross-
over effects. In contrast, the ORR current density of commer-
cial Pt/C catalysts is significantly reduced due to the inherent
vulnerability of Pt electrocatalysts to methanol.

4. Conclusion

Fe*' is introduced into the polyaniline synthesis process
through the unique structural characteristics of halloysite.
Polyaniline has excellent electrical conductivity while provid-
ing an effective source of nitrogen for the material. The prepa-
ration of Fe/N co-doped carbon nanotube materials by such a
hard template method for catalytic oxygen reduction has not
been reported. The halloysite synergizes with polyaniline to
effectively prevent the loss of Fe and N atoms during pyrolysis.
Iron-nitrogen co-doped nano-templates prevent agglomeration
during polyaniline carbonization, causing the material to
expose more graphite defects, resulting in more nitrogen-
containing active sites. By changing the calcination tempera-
ture, the chemical composition and structural properties of
Fe/N-CNTs can be easily adjusted, which has a significant
effect on the electrocatalytic performance of ORR. It is worth
noting that iron doping greatly improves the specific surface
area of the material, resulting in high concentrations of nitro-
gen doping. The Fe/N-CNTs(800) catalyst had a specific sur-
face area of 659 m~>g~' and a pyridinic nitrogen content of
44.23%. It exhibits a higher half-wave potential than Pt/C in
alkaline media, including long-term stability. The strategy
not only indicates that the use of iron-functionalized halloysite
to provide an economical way to prepare iron-nitrogen co-
doped carbon nanocatalysts is feasible, and has a guiding sig-
nificance for the rational design of other ORR catalysts.
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