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Abstract

Nitrogen-containing few-walled carbon nanotubes (N-FWCNTs) with very low nitrogen content
(0.56 at.%) were obtained by a process involving the coating of acid functionalized FWCNTSs with
polyaniline (PANI) followed by pyrolysis at high temperatures. The resulting N-FWCNTs exhibited

a remarkable electrocatalytic activity for the oxygen reduction reaction (ORR), despite significantly



lower nitrogen content than previously reported in literature. The N-FWCNTs performed on par or
better than Pt-C in the cathode of an alkaline direct methanol fuel cell, corroborating the ORR
activity observed in the electrochemical cell and exhibiting a higher methanol tolerance.
Interestingly, N-FWCNTs showed a high activity for the hydrogen evolution reaction and for the
hydrogen peroxide decomposition, suggesting that the active sites involved in ORR can
simultaneously catalyze other reactions. This unprecedentedly high activity for such a low N-
content can be explained by the exceptional accessibility for the catalytic sites located in open and
porous N-doped layer surrounding the FWCNT core, along with the minimization of inactive inner

volume and mass compared to larger nitrogen doped multiwalled tubes.

Keywords: Nitrogen-doped, few-walled carbon nanotubes, oxygen reduction reaction, alkaline fuel

cell

1. Introduction

Improving catalyst materials for the oxygen reduction reaction (ORR) is one of the main issues in
the development of low temperature fuel cells. Worldwide commercialization of fuel cells still
remains a challenge due to the limited resources and high cost of platinum (Pt) as well as durability
issues and CO poisoning of the Pt catalysts [1, 2]. Recent advances in anion exchange membrane
fuel cells (AEFCs) have attracted considerable attention due to the potential use of less-expensive
non-noble metal catalysts, which exhibit facile reaction kinetics in alkaline media [3, 4]. Research
on metal-free catalysts for ORR has thus become a very active topic in catalysis, especially with the
emergence of nitrogen-doped carbon nanomaterials as one of the promising electrocatalysts. Recent

research has investigated nitrogen doping of different carbon nanomaterials (CNM) such as carbon



nanotubes (CNTs) [5-14], carbon nanofibers (CNFs) [15, 16], graphene [17, 18], mesoporous
carbon [19], carbon nanocages [20], and hollow carbon nanoparticles [21]. The studies are
particularly numerous for Nitrogen-doped CNTs (N-CNTs) among these materials. N-CNTs can
also effectively catalyze other reactions, such as decomposition of H>S to solid sulfur, and the
oxidative dehydrogenation of aromatic and alkanes [22, 23]. Introducing nitrogen atoms into the
CNT structure effectively modulates their chemical reactivity, electron-donor ability and
electrochemical properties [24]. Nitrogen dopants can shift the Fermi level to the conduction band,
causing the semiconducting CNTs to exhibit metallic properties [25]. Moreover, the addition of
nitrogen to the CNT wall changes the charge distribution of the nanotube so that C atoms adjacent
to N become more positively charged, resulting in an enhanced interaction with the adsorbed

molecules and lower activation barrier for their decomposition [26].

N-CNTs can be obtained by either in situ doping during the CNT synthesis, or by post-treatment of
as-synthesized CNTs with nitrogen-containing precursors. During in situ doping, nitrogen atoms
derived from different precursors such as transition metal macrocycles [5], ammonia [6],
acetonitrile [7, 11], pyridine [8, 9], melamine [10] and polymers [27, 28] are incorporated into the
carbon network simultaneously as CNTs grows. It has been reported that the presence of metals
originating from a typically metal-catalyzed synthesis process can contribute to ORR catalysis [29].
To avoid misidentifying the origin of ORR activity catalyst metal residues should be removed
before electrochemical measurements. However, any acid leaching to remove metals may damage
nitrogen functionalities. Post-treatment methods typically avoid this difficulty by treating already
purified CNTs with nitrogen precursors; such as ammonia [11], urea [14], dicyandiamide [30], or

polymers including polyaniline (PANI) [13] and polypyrrole [16].

PANI offers several advantages among nitrogen-containing polymers; it is an outstanding

conductive polymer with low price, good processability, controllable and stable conductivity over a



wide potential range [31-33]. Moreover, PANI conjugated groups can interact strongly with the
CNT walls to provide core-shell composite structures (CNT-PANI) with enhanced synergic
properties [34]. The core-shell structure of CNT-PANI is expected to be formed via the strong n-n
conjugation of the quinoid rings of PANI and the benzonoid rings of CNTs. On the other hand, the
CNT core structure has a significant influence on the properties of the final composite such as
charge-transfer, catalytic activity, and bulk conductivity. Few-walled CNTs (FWCNTSs) have been
recently proposed as an intermediate between single-walled CNTs (SWCNTs) and multi-walled
CNTs (MWCNTs), displaying the appropriate combination of structural perfection and remarkable
electronic properties [35]. Most importantly in this context, only layers accessible to the electrolyte
will contribute to the electrochemical activity. While the conductivity of N-SWCNTs is
dramatically lowered by doping due to the perturbation of the quasi-1D channel of the tubes by the
charged dopants [6, 36], using FWCNTs minimizes the volume and mass of the inactive inner

layers but still retains the required good conductivity.

In this work, high quality FWCNTs of 2-5 walls were synthesized by chemical vapor deposition
(CVD), carefully purified, functionalized and subsequently coated with PANI and carbonized at
high temperatures. The obtained nitrogen-containing FWCNTs (N-FWCNTs) with only about 0.5
at.% nitrogen showed a remarkable high electrocatalytic activity toward ORR. Its high
electrocatalytic activity examined both in an electrochemical cell and an alkaline methanol fuel cell.
To the best of our knowledge, such a high electrocatalytic activity of N-CNT catalyst with this low
nitrogen content has not been previously observed. The results of this work implies that other
parameters than only the nitrogen content should be also considered for a good ORR

electrocatalytic activity of N-CNTs, as discussed in section 4.



2. Experimental

2.1. Catalyst preparation

FWCNTs were synthesized by catalytic pyrolysis of methane (CHs) diluted with hydrogen (H») at
950 °C on cobalt-molybdenum (CoMo) oxides (5 at.%) supported on magnesium oxide (MgO) [37].
After synthesis, residual metal catalysts were removed by hydrochloric acid (HCl), rinsed properly
with deionized water and dried in vacuum. In order to investigate the effect of pre-treatment on the
final doping level, a part of FWCNTSs were subject to oxidative functionalization in 2 M HNO3/1 M
H>SO4 (1:1) solution under reflux conditions at 120 °C for 4 h. PANI was deposited both on the
functionalized and the merely purified FWCNTs by the chemical oxidative polymerization of
aniline monomers [38]. FWCNTs (0.5 g) were suspended in 1 M HCI (100 ml) and sonicated for a
good dispersion. The aniline monomer (0.15 g) in 1 M HCI was added dropwise into the suspension
and stirred for 1 h. The oxidizing agent ammonium persulfate (NH4)2S20s, APS) was dissolved in
1 M HCI and added dropwise (1:1 mass ratio of APS to aniline) under constant vigorous stirring in
an ice bath (at 0 °C). The mixture was stirred for 6 h to achieve a good degree of polymerization.
Finally, the reaction was terminated by the addition of acetone. The resulting products were filtered,
washed with deionized water, and dried in vacuum. Then PANI-FWCNTs composites were
pyrolyzed for 1 h at 600 °C and 900 °C in an argon flow to obtain N-FWCNTs. The samples are
coded as follows: FW-Pr for the merely purified FWCNTs, FW-F for the functionalized FWCNTs,
NFW-Pr-900 for the N-FWCNTs pyrolyzed at 900 °C using purified FWCNTs, and NFW-F-600
and NFW-F-900 for the N-FWCNTs pyrolyzed at 600 and 900 °C, respectively using the

functionalized FWCNTs.

2.2. Physical characterizations

Scanning electron microscopy (SEM) was carried out with a JEOL field emission microscope JSM-

7500FA equipped with an energy dispersive X-rays spectrometer (EDXS). High resolution



transmission electron microscopy (HR-TEM) was conducted with a JEOL double Cs-corrected
TEM (JEM-2200FS) operated at an acceleration voltage of 200 kV. Raman analysis was performed
using a Horiba LabRAM HR spectrometer equipped with a CCD camera and a 633 nm excitation
laser. X-ray photoelectron spectroscopy (XPS) was carried out with a Surface Science Instruments
SSX-100 ESCA spectrometer using monochromatic AlIK, X-rays and an electrostatic hemispherical

analyzer. The spectra were recorded with pass energy of 100 eV and an X-ray spot size of 600 um.

2.3. Electrochemical characterizations

Glassy carbon electrodes (GCE, 0.196 cm?) were polished and dried. The working electrode was
prepared as follows: 5 mg of the catalyst powder, 476 ul of ethanol, and 24 pl of FAA3 anion
exchange ionomer (solution of 12 wt% FAA3 in N-methyl-2-pyrrolidone (NMP), supplied by
Fuma-Tech) were mixed for 2 h and sonicated to form a uniform catalyst ink. Then a 7 pl drop of
ink was carefully deposited on the GCE. The electrochemical characterization was performed in a
conventional three-electrode cell comprising the modified GCE as working electrode, Pt wire as
counter electrode, and Ag/AgCl/3M KCIl as the reference electrode (RE) using an Autolab
PGSTATI2 potentiostat controlled by the GPES software. All potentials reported in this study were
referenced to that of the Ag/AgCl electrode. The ORR measurements were carried out in an O;
saturated 0.1 M KOH solution at room temperature. Cyclic voltammetry (CV) experiments were
carried out in a potential range from 0.2 to -1.2 V at 10 mV s’ scan rate. In order to evaluate the
reproducibility of the electrochemical measurements three electrodes were prepared with each
catalyst sample and the relative standard deviation (R.S.D) of the peak current density was around
5%. The batch-to-batch repeatability was slightly lower, with a R.S.D. of 8-10%. Rotating disk
electrode (RDE) measurements were performed at 5 mV s scan rate and different rotation speeds
(w) from 100 to 3600 rpm. Rotating-ring disk electrode (RRDE) experiments were performed using

the RRDE setup from Pine Research Instrumentation. The disk potential was scanned at 5 mV s™!



while the Pt ring electrode potential was fixed at 0.5 V. The ORR activity of a commercial Pt-C
catalyst (E-TEK, 20 wt% Pt supported on Vulcan XC-72) was also evaluated for comparison with
N-FWCNTs. The electrocatalytic activity of N-FWCNTs toward the decomposition of HoO> was
measured to evaluate kinetic parameters from the Tafel plots. The electrolyte was first saturated
with N> and then 10 pl of 1 M H>O> was injected with a microsyringe into the cell while electrode
was rotating at 1500 rpm. After 1 min, a linear sweep from the open circuit voltage (OCV) to -0.4 V
ata 0.17 mV s’! scan rate was made. After the reduction sweep, the electrolyte was replaced and the

procedure was repeated for the oxidation sweep from OCV to +0.4 V.

2.4. Alkaline fuel cell measurements

Direct methanol alkaline fuel cell tests were conducted using a homemade fuel cell stack (5.29 cm?
active area). Membrane-electrode assemblies (MEA) were fabricated using FAA3 membrane
(Fuma-Tech) and diffusion layers containing microporous layer (FuelCellEtc GDL-CT). FAA3
membrane was pretreated in 0.5 M NaOH to exchange Br™ ions with OH". The catalyst inks were
prepared by mixing isopropanol and FAA3 ionomer solution, then sprayed on the diffusion layers
by air brush and dried in vacuum. N-FWCNT catalyst loading at the cathode was 2.2 mg cm™. A
reference MEA was also prepared for the cathode using commercial Pt supported on a high surface
area carbon (Alfa Aesar, 60 wt.% Pt) and Pt loading was 0.5 mg cm™. At the anode, PtRu supported
on high surface area carbon (Alfa Aesar, 40 wt.% Pt and 20wt.% Ru) was used with higher PtRu
loading 3.0 mg cm™ to ensure that catalytic activity of the fuel cell is not limited by the anode. Our
results [39] have shown that with such MEA composition, the DMFC performance is under cathode
control. Prior to the fuel cell measurements, the assembly was stabilized overnight. Polarization
curves were recorded at 50 °C by passing a methanol flow (2.0 ml min™) at the anode and an
oxygen flow (200 ml min™') at the cathode while sweeping the potential from the open circuit

voltage (OCV) to 0.05 V at a2 mV s! scan rate.



3. Results

3.1. Physical characterizations of catalysts

Surface morphologies of pristine FWCNTSs, the PANI-FWCNTs composite, and the final pyrolyzed
N-FWCNTs are shown in HR-TEM micrographs in Figure 1. FWCNTs (Figure 1a) consist of 2 to 5
walls with a highly crystalline structure and about 1 um in length. Figure 1b shows clearly an
additional polymer layer, resembling a narrow strip wrapping around the nanotube. Oxidation of
aniline is a typical redox reaction, in which electrons from aniline are withdrawn by an oxidant.
FWCNTs work as electron transfer mediator between the reductant (aniline) and the oxidant (APS).
The aniline monomer/oligomers are first adsorbed on the surface of FWCNTs, and then polymer
starts to grow as the reaction proceeds [34]. After carbonization at a high temperature, a very thin
layer of N-doped graphitized carbon is formed on the nanotube walls (Figure 1¢). The images reveal

that the surface modification was accomplished without introducing major defects in the FWCNT

structure. This is crucial for maintaining the desired intrinsic properties of the nanotubes.

5nm . Bn - 5m

Figure 1. HR-TEM images of FWCNTs, PANI-FWCNTs and N-FWCNTS.

Raman spectra of the samples are shown in Figure 2 and the corresponding data presented in Table
1. The D-band around 1350 cm! is the characteristic mode for defective structures, and the G-band
around 1580 cm™! corresponds to graphitic layers [40]. The low intensity ratio of the D to G band
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(In/Ig) for the pristine FWCNTs (0.31) indicates a highly ordered structure of the nanotubes. The

slightly higher Ip/Ig for the functionalized FWCNTs (0.37) can be ascribed to defects resulting from

the acid treatment, corroborated by higher oxygen content (from XPS data, Table 1). A relatively

small decrease and shift of the second-order D’-band is also observed for the functionalized (Figure

2), and the polymer-coated FWCNTs (Figure S1).
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Figure 2. Raman spectra of the FW-Pr, FW-F, NFW-900, NFW-F-600 and NFW-F-900 samples.

Raman spectra are very sensitive to the interaction between the FWCNTs and PANI, as shown in

Figure S1. PANI oxidation state can be identified to be conducting emeraldine form due to the

appearance of bands in the region between 1000 and 1700 cm™. The presence of various torsion

angles and twisting of the aniline rings in the polymer layer are also suggested by Raman bands

located between 300 and 1000 cm™. After the composite pyrolysis at 900 °C, Ip/Ig ratio is



significantly reduced (0.23 + 0.01), suggesting a higher degree of graphitization. However, a less

ordered structure (In/Ig = 0.48) was obtained for the sample pyrolyzed at 600 °C.

XPS measurements were carried out in order to analyze the elemental composition of the samples
and to investigate the binding configurations of nitrogen atoms in N-FWCNTs. The XPS survey
spectrum (Figure S2) of the NFW-F-900 sample shows a dominant narrow graphitic C 1s peak at
284.4 eV, and some oxygen. The nitrogen content is too low, to be visible in low resolution spectra.
The nitrogen atomic concentrations derived from high resolution spectra and the N 1s peak are 0.72
at.% for NFW-F-600, 0.56 at.% for NFW-F-900 and only 0.27 at.% for NFW-Pr-900 sample. Both
oxygen and nitrogen contents are slightly increased in the sample produced from the functionalized
FWCNTs (NFW-F-900) compared to the untreated one (NFW-Pr-900) (Table 1). The higher
nitrogen concentration is likely due to a stronger interaction of PANI with the functionalized
FWCNTs. Nitrogen content is slightly decreased with increasing pyrolysis temperature from 600 °C

to 900 °C, possibly due to the loss of nitrogen-containing gases.

Table 1. Raman spectroscopy and XPS data analysis.

FW-Pr FW-F NFW-F-600 NFW-F-900 NFW-Pr-900

In/Ig 0.31 0.37 0.48 0.22 0.24
O at.% 1.2 3.7 0.8 0.87 0.36
N at.% -- -- 0.72 0.56 0.27
pyridinic-N (%) -- -- 28 35 31
pyrrolic-N (%) -- -- 44 8 8
graphitic-N (%) -- -- 20 44 46
pyridine-N-oxide (%) -- -- 8 13 15

The XPS high resolution N 1s spectra of N-FWCNTs with the curve deconvolution are shown in
Figure 3. The deconvolution was done by assuming a commonly used scheme with four peaks
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corresponding to pyridinic-N (at ca. 398.3 eV), pyrrolic-N (at ca. 400.1 eV), graphitic-N (or
quaternary-N) (at ca. 400.9 eV) and pyridinic N-oxide (at ca. 403.5 eV) bonding configurations [11,
20]. For the three N-FWCNTs samples, pyridinic-N content is rather similar (32 + 3%). However,
pyrrolic-N content is the highest in NFW-F-600 (43.7%), in contrast to samples carbonized at 900
°C (NFW-F-900 and NW-Pr-900) with predominantly graphitic-N content (~ 45%). It has been
reported that pyrrolic-N groups transform to pyridinic-N with increasing temperature via a dynamic
surface rearrangement; and by further temperature increase, the most stable graphitic-N structures

are formed through ring condensation [41-43].

NFW-F-600

Ei S
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§7)

= i
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=
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408 406 404 402 400 398 396
Binding energy (eV)
Figure 3. Deconvolution of N 1s XPS spectra of the NFW-F-600, NFW-F-900, and NFW-Pr-900

samples. The peaks are color-coded as pyridinic-N (blue), pyrrolic-N (magenta), graphitic-N (red),
pyridinic N-oxide (green).

3.2. Electrochemical characterization of catalysts

The electrocatalytic activity of N-FWCNTs for ORR was investigated using GC-coated electrodes
in an Oz-saturated 0.1 M KOH solution. The ORR activity of a catalyst can be qualitatively inferred

from the cyclic voltammorgams (CVs). Figure 4a shows CV curves of FW-Pr and NFW-F-900
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samples. The featureless CV in the de-aerated (N»-saturated) electrolyte implies that FWCNTs are
well purified so that no metal catalyst residues contribute to the electrochemical reaction. It can be
seen that ORR on FW-Pr occurs via a 2¢” pathway, presenting two reduction peaks at -0.2 and -0.8
V. The ORR activity is greatly improved on NFW-F-900, proceeding via a 4¢” pathway with only
one ORR peak at -0.15 V. Figure 4b compares the CVs of the three N-FWCNTs samples (.
Treatment at 600 °C improved the electrocatalytic activity compared to FW-Pr, with the peak
potential shifting to more positive potentials (from -0.2 to -0.18 V). Pyrolysis at 900 °C (NFW-F-
900) resulted an enhanced ORR activity, as revealed by the higher peak potential (-0.15 V) and the
current density. However, NFW-Pr-900 produced from un-treated FWCNTs showed an
intermediate peak current density and peak potential (-0.16 V). For comparison, CVs of the
commercial Pt-C in de-aerated and O»-saturated electrolyte are presented in Figure S3, and the peak

potentials are compared with those of N-FWCNTs in Table 2.
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Figure 4. a) CVs of FW-Pr and NFW-F-900 in N2/O;-saturated 0.1 M KOH, b) CVs of N-FWCNTs
in Os-saturated 0.1 M KOH; at a 10 mVs™' scan rate.

The long tail in the CV of NFW-F-900 at around -1.2 V corresponds to high activity for the
hydrogen evolution reaction (HER). A photograph (Figure S4) taken during the measurements

demonstrates the formation of hydrogen bubbles at the GC-modified electrode in the electrolyte. It
12



can be seen (Figure 4b) that the catalysts with higher ORR activity show longer tails in their CV,
suggesting that the active sites involved in the ORR can simultaneously catalyze the HER at more

negative potentials. Further research on N-FWCNTs for catalyzing hydrogen evolution is currently

underway.

RDE experiments were carried out to evaluate ORR electrocatalytic activity and the kinetic
parameters over rotation rates from 100 to 3600 rpm. Figure 5a shows the linear sweep
voltammograms (LSV) recorded for the FW-Pr and NFW-F-900 samples. It can be seen that the
onset potential for ORR is significantly improved after N-doping treatment. The higher onset
potential of the samples carbonized at 900 °C compared to 600 °C (Figure 5b, Table 2) could be due
to a higher graphitization degree of the N-doped carbon layer (in agreement with Ip/lg values),
promoting enhanced electron transfer from the catalytic sites to the electrode. In addition, the onset

potential of NFW-F-900 is further improved compared to NFW-Pr-900.
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Figure 5. a) LSV of FW-Pr and NFW-F-900 at rotation rates from 100 to1600 rpm, b) LSV of N-
FWCNTs at 400 rpm (in O»-saturated 0.1 M KOH at 5 mVs™! scan rate), inset: electron transffer
number at different potential derived from K-L plots.
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Table 2. The onset and peak potentials for ORR obtained from CV and RDE measurements and
kinetic parameters calculated from Tafel plots (Figure 8).

Purified NFW-F-600 NFW-F-900 NFW-Pr-900 Pt-C

Onset potential (V)* -0.07 -0.06 -0.03 -0.04 0.05
Peak potential (V)” -0.2 -0.18 -0.15 -0.16 -0.15
k (103 cm s) - 0.4 2.8 1.6 3.1

ja(pA) -- 3.1 21.2 11.9 233
o -- 0.2 0.42 0.36 0.49

At potentials above -0.4 V, ORR is in the kinetics-controlled regime, where the catalytic activity of
a material is typically benchmarked. At potentials lower than -0.4 V, the ORR is in the diffusion-
controlled regime, where mass transfer of O> to the electrode determines the ultimate current
density. The overall current density (j) in RDE measurements can be evaluated from the Koutecky-

Levich (K-L) equation

1 1. 1 1 1 (1)
—-==4+—=—+ 273
JoJk Ja Jik o 0.62nFDy"v1/6CE wl/?

where ji 1s the kinetic current density, jq 1s the diffusion-limited current density, F is the Faraday
constant (96486.4 C mol™), D is the diffusion coefficient of oxygen in water (1.9 x 10 cm? s!), C
is the concentration of Oz (1.2 x 10 mol cm™), v is the kinematic viscosity of water (0.01 cm? s™),
and o is the electrode rotation rate (rad s™'). The number of transferred electrons () can be obtained

using K-L plots (/! vs @™?) and the slope of extrapolated lines at different potentials.

The corresponding K-L plots for FW-Pr and NFW-F-900 at various potentials are shown in Figure
6. They exhibit good linearity for the samples, indicating first-order reaction kinetics for ORR [44].
The inset in Figure 5b shows the electron transfer number calculated from the slope of K-L plots at

different potentials. The average n. value obtained in the potential range from -0.3 to -0.5 V is 2.1

14



for FW-Pr and 3.1 for NFW-F-600, whereas NFW-F-900 is significantly enhance to 4.0, and NFW-

Pr-900 to an intermediate value n = 3.5.
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Figure 6. Koutecky-Levich plots for oxygen reduction on a) FW-Pr and b) NFW-F-900 in 0.1 M
KOH. Data derived from Figure Sa.

We further investigated ORR electrocatalytic activity by measuring the disk and the Pt-ring currents
in RRDE for the best performing N-FWCNTs (NFW-F-900) and compared their activity with FW-
Pr and commercial 20 wt.% Pt-C. As presented in Figure 7a and Table 2, although the on-set
potential at NFW-F-900 is lower than that of Pt-C electrode, it was significantly higher than that of

FW-Pr despite their low nitrogen content.

Here, n and H>02% were calculated from the following equations:

41
"= d1 (2)
o+ ¥
4 —n
H,0,% = x 100 (3)

where N is the collection efficiency (0.24), I3 and I; are the currents at the GC-disk and the Pt-ring,

respectively. The corresponding transferred electron number and H>O» production in the whole
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potential range are illustrated in Figure 7b. The results show that the ORR activity of the NFW-F-
900 is greatly improved to 3.72 electrons transferred at -0.4 V and 87% conversion of oxygen
molecules to OH", indicating that an efficient 4e” pathway is the dominant reaction mechanism. The
performance of NFW-F-900 with such low nitrogen doping becomes very close to that of Pt-C, with

3.9 transferred electrons at -0.4 V and 98% selectivity for OH™ formation.
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Figure 7. a) Disk and Pt-ring current density, b) H202% and number of transferred electrons, for
FW-Pr, NFW-F-900 and Pt-C; 5SmVs™! scan rate and 400 rpm in O,-saturated 0.1 M KOH.

The electrocatalytic activity of the modified-GC electrodes was further characterized to investigate
kinetic parameters of the decomposition of H>O». Figure 8 shows the Tafel plots obtained after the
injection of hydrogen peroxide and scanning in the OCV + 0.4 V potential ranges. In a Tafel plot,
there is an anodic branch with slope of (1-a)F/2.3RT and a cathodic branch with slope of -
oF/2.3RT. Then the transfer coefficient, o (a measure of the symmetry of the energy barrier), can be
calculated using the slopes [45]. The oxidation reaction is a slow process when o values are higher
than 0.5, while a values lower than 0.5 indicate a slow reduction reaction. The heterogeneous

reaction rate can be calculated from the equation
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d[H,0,] _ljal (5)
T =5 = k[H,0,]

surface
where jq4 1s the exchange current density of the redox reaction obtained from the y-intercept between
the oxidation and reduction slopes of the Tafel plots (presented in Table 2), [H2O-] is the initial
concentration of hydrogen peroxide (0.4 mM). Taking n = 2 for FWCNTs, and n = 1 for the N-
FWCNTs and Pt-C; as previously reported by Wiggins-Camacho and Stevenson [29] k can be
calculated. The kinetic rate constants obtained for heterogeneous H20: decomposition on the
samples follow the same trend as ORR activity: Pt-C > NFW-F-900 > NFW-P-900 > NFW-F-600
(Table 2). Specifically, NFW-F-900 with k = 2.8 x 10~ cm s™! preformed very similarly to that of
Pt-C electrode (3.1 x 107 cm s!), supporting the RRDE measurements. The same trend can also be
observed with a values obtained for the above samples. As can be seen, more symmetrical Tafel
plots are obtained for both Pt-C and NFW-F-900 as a values approach to 0.5 (Table 2). Likewise, a
correlation between the ORR electrocatalytic activity and the activity of H2O> disproportionation
was previously observed on non-noble metal catalysts (NMC) such as Fe/N/C [29, 46]. Our rate
constant values are in agreement with those of Dodelet et al., who predicted a rate constant in the

order of 102 cm s

at 1500 rpm, both experimentally and theoretically [46]. The high
electrocatalytic activity of N-FWCNTs towards the reduction of hydrogen peroxide makes this

material useful for biosensing applications where H>O> needs to be detected as by-product of

biomolecule reactions [47].
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Figure 8. Tafel plots derived from the polarization curves of Pt-C, NFW-Pr-900, NFW-F-900 and
NFW-F-600 at a scan rate of 0.17 mVs™! and a rotation rate of 1500 rpm in N»-saturated 0.1 M
KOH containing 0.4 mM H»0O,.

3.3. Fuel cell measurements

Finally, performance of the NFW-F-900 sample was evaluated in an alkaline direct methanol fuel
cell (DMFC) to compare its electrocatalytic activity with that of a commercial Pt-C cathode. The
polarization curves and power density of the NFW-F-900 and Pt-C catalysts are shown in Figure 9.
Surprisingly, NFW-F-900 outperforms the Pt-C catalyst at low and medium current densities, and
then gradually reaches almost identical performance in the high current density region. The OCV
obtained with NFW-F-900 is significantly higher (0.50 V) than that of Pt-C (0.44 V). The lower
OCV for the Pt-C catalyst can be due to methanol cross over, causing a mixed potential at the
cathode. The higher tolerance of N-FWCNTs to methanol cross-over was verified by the
electrooxidation of methanol (3 M) in an electrochemical cell containing O»-saturated 0.1 M KOH

electrolyte (Figure S5). The maximum power density of 0.75 mW cm obtained by NFW-F-900 is
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slightly higher than that of Pt-C (0.70 mW cm™). Although the overall cell performance is rather
low due to the type of membrane (FAA3) and the fuel cell configuration, N-FWCNTSs demonstrate
comparable activity with the Pt-C. On the other hand, the results of this work represent a 2.5-fold
increase in power density compared to our previous study using a FAA2 (Fuma-Tech) membrane at
30 °C [48]. It is worth pointing out that anion exchange membrane technology is still at its infancy
and further developments are required for them to compete with the more mature proton exchange
membrane technology. Further characterization on the influence of FAA3 ionomer content on the
cathode electrode structure and overall alkaline DMFC performance is presented in another study

by P. Kanninen et al [39].
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Figure 9. Polarization curves and power densities of the NFW-F-900 and Pt-C catalysts in a fuel
cell test.
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4. Discussions

To the best of our knowledge, such a remarkable high electrocatalytic activity has not been
previously reported for N-CNT catalysts with such a low N content of about 0.5%. The exact role of
nitrogen doping for the ORR activity of N-doped carbon nanomaterials is currently under debate.
Wiggins-Camacho and Stevenson et al. [24] investigated the effect of doping on the
physicochemical properties of CNTs and reported that the density of states increased gradually with
N-doping level from 4 to 7.4 at.%, along with the ORR activity [29]. They also reported that the
density of states increased predominantly with pyridinic-N content, facilitating the formation of a
localized donor state close to the Fermi level. A direct correlation between the ORR activity and the
N-doping level has also been reported by other groups [49, 50]. However, this subject is
controversial, as others have found that there is no correlation between total nitrogen content and
the ORR electrocatalytic activity [11, 51]. For instance, N-CNTs synthesized via the direct
decomposition of melamine, with nitrogen doping level as high as 20 at.%, showed very low ORR
activity with only 2.6 transferred electrons [52]. In this case, nitrogen atoms were concentrated at
the curved joints of bamboo-like compartments (trapped between the graphitic walls); thus most of
them were not accessible to oxygen molecules for the reaction. It is also possible that nitrogen gas is
encapsulated in the bamboo-like compartments during CVD synthesis and is not active site any
more [53]. Table 3 compares results found in the literature with our NFW-F-900 catalyst. It can be
seen that for an acceptable ORR activity (n > 3.5), a nitrogen content higher than 3 at.% is usually
required. However in this work, a high ORR activity is obtained despite almost six-time lower

nitrogen loading.

The difference may arise from the structure of the N-doped graphitic layer attached to our nanotube
walls. It can be seen that the N-doped layer (Figure 1c) forms an open porous structure with

abundant edge planes and defects attached to the FWCNT core. Nitrogen sites on defects and edge
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locations are likely more reactive and more accessible for oxygen molecules, while the highly
conductive FWCNT cores convey charge efficiently along tube axis. Oh et al. studied the influence
of the carbon support structure on post-doping with nitrogen-containing precursors. They reported
that unlike the basal plane, nitrogen incorporation into disorder and edge plane locations provides
an appropriate geometry, facilitating the ORR by promoting more favorable active site exposure
[51]. Our efforts to elucidate the location of nitrogen atoms with electron energy loss spectroscopy
(EELS) could not provide solid information due to very low nitrogen signal and the interference of
the noise level on the spectrum. However despite the low N-content, the limiting current density of
oxygen reduction on NFW-F-900 is also remarkably close to that of Pt-C (Figure 7a). It is
established that a high current density is result of a combined high turnover frequency (the number
of reactions occurring at a specific site per second), high conductivity of the catalyst support to
conduct electrons to/from the catalytic sites, and the electron transfer number (n) of the oxygen
reduction pathway [54]. Previously, Dodelet and co-workers reported that for non-noble metal
catalysts prepared using post-treatment of carbon black via pyrolysis of NHs, the micropore surface
area of the resulting catalyst governed the catalytic activity, rather than nitrogen content [55, 56].
Therefore, in addition to the total N-content, other parameters should be simultaneously considered
to explain the ORR activity of an N-doped carbon material. Among them, the role of metallic
impurities and the distribution of N-functionalities on ORR eletcrocatalysts are still very much
under discussion. The contribution of transition metal impurities on overall ORR catalyst activity
has been repeatedly reported [29, 57]. However, the high activity of our catalyst cannot be related to
metal impurities, as no evidence from residual Co catalyst particles was detected by XPS, HR-TEM

and electrochemical methods.

It is known that synthesis conditions such as temperature, nitrogen precursor, feed gas composition
and metal catalysts strongly affect the type and amount of N-functionalities in the doped material

[41, 58-60]. Despite extensive research, it is not yet established whether pyridinic-N, pyrrolic-N or
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graphitic-N sites are the most active for ORR, as inferred from Table 3. Theoretical calculations
have also suggested that nitrogen-doped Stone-Wales defects can effectively reduce the energy
barrier of oxygen dissociation on N-CNTs [5, 61]. In this work, the ORR activity of N-FWCNTs
produced by carbonization at 900 °C is the highest (Figure 5b), which can be attributed to a higher
graphitic-N content (~ 45%) compared to that of NFW-F-600 (~ 20%). Furthermore, although the
difference in doping levels is very small, there is a higher proportion of graphitic-N in NFW-F-900
than in NFW-Pr-900, corresponding to a higher catalytic activity. Our DFT calculations have also
shown that with increasing graphitic-N atoms in N-CNTs, the energy barrier of oxygen adsorption

decreases [26].

Table 3. Comparison of N-CNT catalysts reported in literature with our N-FWCNTs.

Method N-precursor Ne Onset, peak Total N Predominant N Diameter  Ref.
Potential (V) (at.%) group (nm)
In situ iron(II) 3.9 0.02,-0.15 4-6 substitutional N 25 [5]
synthesis phthalocyanine with 3-SW defects
Melamine 2.6 -0.1,-0.27 20 pyridinic 40-60 [49]
Pyridine 2.76 -3.63 -0.1,-- 2.51-3.28  quaternary/pyrrolic 30-60 [46]
poly(2-methyl-1- 3.8 -0.05, -- ~8 pyridinic 100 [27]
vinylimdazole)
Pyridine 2.7-3 -0.1/-0.2 3-6 quaternary (valley) 25-50 [38]
Polymers -- -/-- 4.3-10.7 pyridinic 100 [26]
Post-
treatment
Ammonia -- 0.05/-- 2.9-6 graphitic 70-200 [11]
Polyaniline -- -/-- 7.6-3.3 graphitic 70-200 [13]
Urea 3-3.5 -0.05/-0.2 5 pyridinic 10-15 [14]
Polyaniline 3.74 -0.03/-0.15 0.56 graphitic 1.8-7.7 This
work
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The small diameter of the FWCNT support may also contribute to the excellent ORR activity. In
Table 3, another column shows the diameter of N-CNTs from literature compared to that of our N-
FWCNTs. As can be seen, our FWCNTs have significantly smaller diameters (1.8-7.7 nm) than the
most reported N-CNTs (25-200 nm). DFT calculations have indicated that the diameter of CNTs
has an important effect on the oxygen dissociation activation energy barrier. Narrower N-CNTs
exhibit a lower activation barrier for O, dissociation, resulting in better ORR catalytic activity [26,
62]. There are not yet supporting experimental studies in literature regarding the effect of diameter

of N-CNTs on the ORR activity of N-doped CNTs.

5. Conclusions

High catalytic activity for the oxygen reduction reaction (ORR) was achieved by a post-treatment of
few-walled carbon nanotubes (FWCNTSs) with polyaniline, followed by pyrolysis at high
temperatures. Despite significantly lower nitrogen content (~0.5 at.%) compared to the literature,
the resulting nitrogen-containing FWCNTs (N-FWCNTs) showed remarkable electrocatalytic
activity for ORR. N-FWCNTs also showed a high activity for the hydrogen evolution reaction and
hydrogen peroxide decomposition, suggesting that the active sites involved in the ORR can
simultaneously catalyze other reactions at different potentials. The high activity for such a low N-
content could be explained by the exceptional accessibility for the catalytic sites located in the open
and porous N-doped layer surrounding the FWCNT core, along with the minimization of inactive

inner volume and mass compared to larger multi-walled nanotubes.
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