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Introduction

Oxygen reduction reaction (ORR) is the pivotal cathodic reac-
tion of fuel cell and metal-air cell. However, its sluggish reac-
tion rate greatly restricts the working efficiency of the device.™?
Therefore, to boost the ORR kinetic process, electrodes modi-
fied with various electrocatalysts, e.g., platinum and non-
platinum-based catalysts, have extensively been investigated.
Nevertheless, traditional electrode materials usually contain
extra binders and additives apart from catalytic nanomaterials,
which may overlay the active sites of catalyst, thus reducing
their electrocatalytic performance.> For example, the overall
activity of the resultant electrode is largely hindered by uncon-
trollable interfacial evolution due to inevitable aggregation of
nanocatalysts, when nanosized materials are processed by the
conventional drop-casting methods.* Moreover, the utilization
of insulated polymer binders (e.g., Nafion) somewhat blocks the
pathway of electrons and thus lowers electrocatalytic activity.®
Worse still, the glued catalysts tend to exfoliate from the
substrate especially under vigorous gas bubbles.® Therefore,
designing the binder-free electrode structure to make full use of
the related surface and interface of the nanomaterials for the
electrochemical energy devices is an effective strategy.

Three-dimensional nanoarray (3D-NA), especially directly in
situ grown on the current collector substrates, for example,
nanowires, nanorods and nanotubes, is a promising electrode
structure due to relatively ordered, continuous and fully
exposed active surfaces, which can significantly promote the
mass and electron transfer ability at the electrode/electrolyte
interface and within the electrode. Carbon nanotubes (CNTs)
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components and the unique structural merits of the optimized sample endowed it outstanding oxygen
reduction reaction activity with an onset potential of 1.048 V vs. RHE in 0.1 M KOH solution.

as a kind of one-dimensional carbon material, have special
properties of very high aspect ratio, light weight and small
thickness, which make them possess some outstanding traits of
high specific surface area, good electrical conductivity,
mechanical property and stability. Consequently, 3D-CNTs have
been substantially investigated for energy storage and conver-
sion devices.® ™ Despite of advanced progress, delicately regu-
lating surface/interface engineering of 3D-CNTs is still
challenging. Metal-nitrogen-carbon (M-N,-C) catalysts, espe-
cially for Fe-N,-C, have drawn great attention, showing
unprecedented ORR activity. In the meantime, meticulous
design of metal nanoparticles encapsulated in the carbon
matrix can further effectively promote electrocatalytic
activity.'”°

Considering the above discussed factors, we proposed
a strategy to synthesize the self-supported 3D N-doped CNT
composite with encapsulated NiFe nanoalloys. It can be directly
utilized as the working electrode, exhibiting remarkable ORR
activity.

Results and discussion

As depicted in Scheme 1, the fabrication of 3D N-doped CNT
composite (FMPN-7, T stands for calcination temperature)
involved three main steps as following. Nickel foam (NF) was
chosen as catalyst and supporting substrate. Firstly, dopamine
monomers were polymerized on the Ni foam to form the
composite substrates (PDA-NF) in order to promote the adhe-
sion of the subsequent growth of CNTs to the support.** Then,
ferric acetylacetonate as co-catalyst and carbon source, and
melamine as nitrogen and carbon sources, were mixed with
PDA-NF. Finally, the FMPN-T samples were prepared by one-
step annealing without any post-treatment. Controlling the
annealing temperature can expediently modulate the compo-
sition of N doping and Fe/Ni atom ratio in the resulted samples.
For comparison, GMPN-800 was prepared by replacing ferric
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Scheme 1 Schematic diagram of preparation process of 3D N-doped
CNT composite (FMPN-T).

acetylacetonate with glucose. The detailed experiment can be
seen in the experimental section.

SEM images of FMPN-700 sample at low (Fig. 1a) and high
(Fig. 1b) magnification showed that a large number of three-
dimensional carbon nanotubes were entangled grown on the
nickel foam substrate. Moreover, after removing the nickel
foam substrate by acid dissolution, the carbon nanotubes still
maintained a relatively integrated array structure, which may be
attributed to their direct growth on the carbonized PDA layer
pre-modified on the Ni foam (Fig. 1c). TEM image (Fig. 1d)
further revealed the bamboo-like carbon nanotube with the
diameter of 20-30 nm. Meanwhile, there were some visible
nanoparticles (NPs) well-encapsulated inside of the nanotube.
The high angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) image and the corresponding
EDS mapping of C, N, Fe and Ni in Fig. S11 clearly revealed that
detected elements were distributed throughout the entire
nanotube. Although GMPN-800 exhibited the similar inherent
morphology (Fig. S21), it was too brittle and easily broken (the
inset of Fig. S21) because of excessive consumption of Ni
substrate as the sole catalyst for the growth of CNTs. Comparing
the insets of Fig. 1a and S2,T FMPN-700 sample behaved better
mechanical property than GMPN-800. The reason may be that
the Fe and Ni metals co-catalysed the formation of CNTs,
considerably alleviating the consumption of the Ni matrix.

XRD measurements were carried out to acquire the crystal
structures of the as-prepared samples. As seen from the Fig. S3,f
three typical peaks at 44.6, 51.8 and 76.7° can be ascribed to the

Fig.1 SEM images of low (a) and high (b) magnification of the FMPN-
700 sample. (c) SEM image of FMPN-700 sample after removal of
nickel substrate by acid dissolution. (d) TEM image of CNT from the
FMPN-700. The inset in (a) showed the digital photo of the as-
prepared FMPN-700 sample.
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(002), (200) and (220) planes of metallic Ni. No obvious peaks of
carbon materials can be observed because the amount of
carbon material was so tiny relative to the nickel foam substrate
that their diffraction peaks were masked. To explore the crystal
structure of carbon nanotubes, all the samples were rinsed by
hydrochloric acid and water to remove the Ni substrates. The
XRD patterns of the resulted samples were shown in Fig. 2a. A
well-defined sharp diffraction peak at 26° was indexed to the
(002) reflection of graphitic carbon and the adjacent broaden
peak indicated some amorphous carbon species co-existed in
the composites. The other peaks were assigned to the remained
metallic NiFe NPs encapsulated in the CNTs, as confirmed in
the TEM image (Fig. 1d). Raman spectroscopy is often used to
estimate the graphitization degree and defect structure of
carbon materials.?** The G band at 1586 cm ™" was attributed to
the in-plane vibration mode E,, of sp>-hybridized carbon atoms.
The presence of D band at 1338 cm™ " arose from the structure
deformation (e.g., sp’-hybridized carbon vibrations) and
defects.?® The I,/I; values of GMPN-800, FMPN-800, FMPN-700
and FMPN-600 samples were 1.14, 1.06, 1.02 and 1.06 (Fig. 2b),
respectively, indicating rich surface defects resulting from the
introduction of foreign heteroatoms in the carbon matrix.”***
What's more, the addition of Fe precursor seemed to enhance
the graphitization degree of carbon material. The moderate I/
I value by fine-regulating the local geometric and electronic
environment in carbon matrix represents the appropriate
percentage of defects and graphitic carbon, which could play
a critical role in boosting the electrocatalytic activity.”® X-Ray
photoelectron spectroscopy (XPS) is a highly sensitive surface
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Fig. 2 (a) XRD patterns of the as-synthesized samples by rinsing with
acid. (b) Raman spectra of GMPN-800, FMPN-800, FMPN-700 and
FMPN-600 samples. High-resolution (c) C 1s, (d) N 1s, (e) Ni 2p and (f)
Fe 2p spectra of the FMPN-700.
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analysis technique, which can provide detailed information on
the elemental composition and binding structure. To unveil the
chemical constitution of the as-synthesized CNT composites,
we collected them by scraping from the FMPN-800, FMPN-700
and FMPN-600 samples with a knife. While, the detected CNT
composite of GMPN-800 was collected by etching the Ni
substrate with diluted hydrochloric acid because of its brittle-
ness. The high-resolution C 1s, N 1s, Ni 2p and Fe 2p spectra
were shown in Fig. S4f and their atomic percentage of C, N, O,
Ni and Fe elements were listed in Table S1.1 For the FMPN-800,
FMPN-700 and FMPN-600 samples, the N content decreased
with the elevation of calcination temperature, while the total
amount of metal incorporated into the carbon matrix increased.
The Fe/Ni atom ratios in the FMPN-800, FMPN-700 and FMPN-
600 were 0.61, 0.81 and 2.31, respectively. As depicted in Fig. 2c,
the high-resolution C 1s spectrum of the FMPN-700 showed
three prominent peaks at 284.6, 285.4 and 288.0 eV assigned to
the C=C, C=N and C-N/C=0,>* respectively. Fig. 2d
exhibited the doped N atoms could be deconvoluted into four
peaks: pyridinic-N (N-6, 398.4 eV), Fe/Ni-N, (399.2 eV), pyrrolic-
N (N-5, 400.1 eV) and graphitic-N (N-Q, 400.9 eV).* It is
commonly recognized that pyridinic-N, metal-N, and graphitic-
N can promote the ORR performance efficiently.***® Comparing
the N bonding configurations (Fig. S51), the FMPN-700 had the
highest content (~91%) of pyridinic-N, metal-N, and graphitic-
N. The Ni 2p high-resolution spectrum in Fig. 2e demonstrated
peaks at 852.9, 854.1 and 855.9 eV ascribed to Ni 2p;, of Ni(0),
Ni*" and Ni** species. The peaks at 870.2, 872.9 and 873.7 eV
could be designated to the Ni 2p;/, band with Ni(0), Ni** and
Ni*". Besides, two satellite peaks of Ni 2ps, and Ni 2py,, were
positioned at 860.8 and 879.8 eV,* respectively. The Fe 2p high-
resolution spectrum in Fig. 2f displayed peaks centred at 706.7,
709.7 and 711.9 eV, which could be assigned to Fe 2p3,, orbitals
of Fe(0), Fe** and Fe*', respectively. The peak at 723.2 eV could
be ascribed to the Fe 2p,,, band with Fe species.

These characterization results convincingly suggested that
different functionalization moieties, such as N-doped carbon,
carbon defects, metal alloy nanoparticles and Ni/Fe-N,-C, co-
existed in the composites, which could synergistically boost
the electrocatalytic activity.

As previously reported, CNT composites exhibit excellent
ORR catalytic performance.********> Herein, firstly, the ORR
activities of the as-prepared electrodes were investigated in
0.1 M KOH solution by cyclic voltammetry (CV) method. Seen
from Fig. 3, oxygen reduction peak occurred for all the as-
prepared samples in the O,-saturated KOH solution, while no
obvious reduction peak appears in the N,-saturated KOH solu-
tion. The results clearly demonstrated their electrocatalytic ORR
activity. In addition, the FMPN-700 showed the best perfor-
mance with the peak potential at 0.775 V, comparable to that of
Pt/C catalyst at 0.772 V. It was noted that some black powders
began to fall down from the GMPN-800 electrode after a period
of examination, indicating its poor stability (Fig. Séat). In
contrast, the FMPN-700 electrode always kept its original
morphology (Fig. S6bt). Then, linear scanning voltammetry
(LSV) measurements were conducted at a scan rate of 5 mV s~
(Fig. 4a-e) to evaluate their ORR performance. The onset
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Fig. 3 CV curves of GMPN-800 (a), FMPN-800 (b), FMPN-700 (c),
FMPN-600 (d) and commercial Pt/C (e) samples at a scan rate of
20 mV s tin the N, and O,-saturated KOH solution.

potentials (denoted as the potential deviating from the back-
ground) of GMPN-800, FMPN-800, FMPN-700 and FMPN-600
were located at 0.965, 1.005, 1.048 and 1.004 V, respectively. It
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Fig.4 LSV curves of (a) GMPN-800, (b) FMPN-800, (c) FMPN-700 and
(d) FMPN-600 and (e) Pt/C electrodes in 0.1 M KOH solution saturated
with N> and O, at a scanning rate of 5 mV sh
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was obvious that the FMPN-700 exhibited the most positive
onset potential. For commercial Pt/C, the onset potential was at
0.980 V, which is more negative than that of the FMPN-700
electrode. The diffusion-limited current density (at 0.85 V)
was further used to estimate their activity. The FMPN-700
exhibited the highest diffusion-limited current density of
—1.370 mA cm ™% compared with the other electrodes of GMPN-
800 (—0.369 mA cm™*), FMPN-800 (—0.992 mA c¢cm~?), FMPN-
600 (—0.440 mA cm 2) and Pt/C (—0.585 mA cm 2). All these
electrochemical tests demonstrated the highest ORR perfor-
mance of the FMPN-700 electrode. Diverse nitrogen functional
groups will result in different influences on ORR performance.
It is commonly recognized that pyridinic N may enhance the
adsorption of O, and raise the onset potential, whereas
graphitic N can reduce the adsorption energy of O, and accel-
erate the electron transfer and limiting current density in
ORR.** Moreover, the metal-N, structure can delocalize the
surface charge and promote the electron transfer, which has
been demonstrated to enhance the adsorption of O, molecules,
lower the reaction barrier, and synergistically facilitate the ORR
process.** Comparing the N bonding configurations of the as-
prepared samples (Fig. S51), the FMPN-700 displayed the
highest content (~91%) of pyridinic-N, metal-N, and graphitic-
N, which may lead to the highest ORR activity. In order to
illustrate the advantage of the special structure, controlled
experiment was carried out. The FMPN-700 electrode sheet was
treated by 5 M hydrochloric acid and rinsed with water. The
resulted FMPN-700-acid catalyst was measured on a rotating
disk electrode (RDE) by LSV at 1600 rpm (Fig. S71). It exhibited
degraded ORR performance with the onset potential at 0.892 V
and the diffusion-limited current density of —0.550 mA cm™ > at
—0.85 V. The result suggested that the unique FMPN-700
structure with various active moieties was vital for the
enhanced ORR activity.

Electrochemical impedance spectroscopy (EIS) was further
employed to study charge transfer kinetics of electrode mate-
rials. As shown in Fig. S8,F Nyquist plots revealed that GMPN-
800 had the largest charge transfer resistance (~4 Q) in the
high frequency region. Besides, it showed the smallest linear
slope in the low frequency region, indicating the diffusion
velocity of ions in this electrode structure was the slowest.
However, the FMPN-700, FMPN-800 and FMPN-600 electrodes
all showed much smaller charge transfer resistance (<1 Q) at the
interfacial surface and larger linear slope than those of GMPN-
800, indicating their outstanding electron/mass transfer ability
during ORR process. The increased conductivity may be
attributed to the enhancement of graphitization degree of
carbon nanomaterials, as affirmed by Raman analysis.

Chronopotentiometry tests were carried out to estimate the
durability of the FMPN-700 and Pt/C electrodes. After a long test
of 20 000 s, FMPN-700 still remained a current retention of 94%
in Fig. 5a. Conversely, the current density of the Pt/C electrode
began to drop quickly after 5000 s running till to about 40% at
20 000 s (Fig. 5b), indicating that FMPN-700 possessed better
stability than commercial Pt/C. What's more, the methanol
tolerance ability was also examined by injecting methanol into
the electrolyte at the potential of —0.35 V (vs. Ag/AgCl) during i-t
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Fig.5 Chronoamperometric responses of (a and c) FMPN-700 and (b
and d) Pt/C electrodes at —0.35 V (vs. Ag/AgCl) in O,-saturated 0.1 M
KOH solution and 0.1 M KOH solution injected with methanol (3 M)
during ORR process.

chronoamperometric response test. Comparing Fig. 5c and d,
a sharp oxidation current can be observed on Pt/C after intro-
ducing methanol at 300 s, whereas the FMPN-700 showed
negligible decay under the same test conditions, which clearly
testifying that the more outstanding tolerance to methanol
poisoning effect of the FMPN-700.

Conclusions

In summary, a facile and effective strategy was proposed to
synthesize a binder-free and self-supported 3D N-doped CNT
composite electrode, exhibiting outstanding ORR electro-
catalytic activity. The introduction of Fe precursor during
synthesis brought some benefits: (1) the mechanical property of
the composite electrode was greatly improved. The reason may
be that Fe acted as co-catalyst, thus reducing the consumption
of Ni substrate during the growth of CNTs; (2) the formed FeNi
nanoalloys encapsulated in the carbon matrix can regulate
electronic structure, optimizing adsorption energy of interme-
diates; (3) Ni/Fe-N,-C active sites incorporated into carbon
nanomaterials partly contribute to the elevated ORR process.
Our work could be applied to guide other advanced electrode
design.

Experimental section
Dopamine polymerization on the nickel foam surface

Ten pieces of clean nickel foam were placed in 50 mL of Tris-
HCI buffer solution (pH = 8.5). 80 mg of dopamine hydro-
chloride was added. Subsequently, the polymerization was
carried out on the surface of Ni foam. The polydopamine
modified nickel foam was marked as PDA@NF.

Fe-Ni co-catalyzed CNTs growth

The PDA@NF sheets were cleaned with purified water and
ethanol for three times, respectively. Then, 0.35 g Ferric

RSC Adv, 2021, 11, 38856-38861 | 38859
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acetylacetonate (Fe(acac);), 0.5 g melamine and 20 mL ethanol
were mixed with PDA@NF sheets. After being stirred overnight,
the resulted composites were put in an oven at 80 °C for drying.
The dried mixture was placed in a porcelain boat and calcinated
in a tubular furnace at a heating rate of 5 °C min ™" for 2 h under
the atmosphere of nitrogen. The products were labelled as
FMPN-T corresponding to different calcination temperature at
600, 700 and 800 °C. The FMPN-700-acid was denoted as the
FMPN-700 sample treated by acid rinsing.

Ni catalyzed CNTs growth

0.45 g of PDA@NF sheets were mixed with 1.37 g of melamine
and glucose mixture (mass ratio: 40 : 1). Then, the obtained
mixture was calcinated at 800 °C for 2 h under nitrogen atmo-
sphere. The product was denoted as GMPN-800.

Material characterizations

The material morphologies were observed by scanning electron
microscopy (FE-SEM, S-4800, Hitachi) and transmission electron
microscope (TEM, Hitachi-2100, 200 kV), combined with energy
dispersive X-ray spectrometry (EDS) for elemental mappings. The
sample for TEM characterization was obtained by scraping the
black powders from the substrate with a knife. The phase
structure of samples was determined with X-ray diffraction (XRD,
Bruker D8 advance with Cu Ko, A = 1.5418 A). X-ray photoelec-
tron spectra (XPS) were recorded on a Thermo Fisher X-ray
photoelectron spectrometer system. Raman spectra were
collected on a Renishaw InVia micro-Raman system with an
excitation wavelength of 633 nm (Renishaw, UK).

Electrochemical measurements

All electrochemical measurements were carried out on CHI760E
electrochemical workstation (Shanghai Chenhua Company,
China) using standard three-electrode test methods at room
temperature. The reference and auxiliary electrodes were KCl-
saturated Ag/AgCl electrode and platinum wire, respectively.
The as-prepared carbon nanotube composite was used directly
as the working electrode, which is pinched by a glassy carbon
electrode clamp.

Oxygen reduction reaction (ORR) tests were performed in
0.1 mol L™ KOH solution saturated with N, or O,. The scanning
rate of cyclic voltammetry (CV) was 20 mV s, and the scanning
rate of linear scanning voltammetry (LSV) is 5 mV s~ '. For
comparison, the FMPN-700-acid catalyst (4 mg mL ™", in the 5%
Nafion, alcohol and water solution) was measured on a rotating
disk electrode (RDE) at 1600 rpm. Methanol crossover and
durability were evaluated at a potential of —0.35 V (vs. Ag/AgCl)
measured by chronoamperometry (i-t). For comparison,
commercial 20% Pt/C was utilized as the benchmark by dripping
its solution to the Ni foam. The measured potentials (vs. Ag/AgCl)
were calibrated to a reversible hydrogen electrode (RHE):

E (vs. RHE) = E (vs. Ag/AgCl) + 0.197 V + 0.059 pH.
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Electrochemical Impedance Spectrometry (EIS) was con-
ducted at an AC amplitude of 5 mV in the frequency range of
0.01-1000 kHz.
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