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Nitrogen-doped carbon nanomaterials are known to be excellent electrocatalysts for the oxygen reduction
reaction (ORR) in polymer electrolyte fuel cells. In this study, we used a new and simple post-doping
synthesis method to prepare nitrogen-doped single-walled carbon nanotubes (SWCNTs) by reacting
fluorinated SWCNTs with ammonia gas at 300-600 °C. The structure and morphology of the N,-c-doped
SWCNTs (x: reaction temperature) synthesized by the defluorination-assisted nanotube-substitution
reaction were characterized. Their levels of nitrogen doping (1.38-3.04 at%) are fairly high, with enriched
pyridinic- and pyrrolic-nitrogen species. Their electrochemical catalytic activity for ORR in 0.5 M H,SO4
was evaluated by cyclic voltammetry and linear sweep voltammetry, and their catalytic durability
was assessed in load-potential cycle tests. For the N,.c-doped SWCNTs, the peak and the onset potential
(Epeak and Eonset, respectively) shifted towards the positive and the current density (j@E;,,) at the half-wave
potential (Ey) increased with increasing reaction temperature. The Egnset Values of Nsggec- and
Ngoo-c-doped SWCNTs were +0.51 V while that of the non-fluorinated hc-SWCNTs was +0.16 V. The
number of electrons transferred per oxygen molecule (n) in ORR was determined to be 2.32-3.64 at the
potential of —0.3 V. The ORR catalytic activity was evaluated comprehensively through the measured
parameters Egeak, Eonset. N, and j@Ei,. The Nsgp-c-doped SWCNTs possessed the highest ORR catalytic
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standard ORR catalyst.* However, the high and volatile price of
Pt significantly increases the cost of PEFCs, making their large-
scale adoption difficult. In addition, the coarsening of Pt
nanoparticles during the dissolution/reprecipitation cycles**
and the oxidative corrosion of carbon black due to a rapid
potential variation in the high potential area*® can decrease the
activity of Pt-C in the PEFCs, leading to a shorter cell lifetime.
Consequently, in recent years there has been great interest in
developing cheap, durable, and Pt-free ORR catalysts with
sufficiently high performance to replace Pt-C.”® In particular,
nitrogen-doped carbon nanomaterials, such as nitrogen-doped
carbon nanofibers,”® nitrogen-doped carbon alloys,"*
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nitrogen-doped carbon black,** nitrogen-doped graphenes,"*”
nitrogen-doped carbon nanotubes (CNTs),*2 and nitrogen-
doped CNT-graphene complexes,® have been reported to
exhibit excellent electrocatalytic activity for the ORR.

In nitrogen-doped carbon nanomaterials, the active sites for
the ORR are believed to be either pyridinic-type'®*™” or
graphitic-type nitrogen atoms.”>**>° A universal understanding
of the relationship between nitrogen doping and the resulting
ORR catalytic activity is still unavailable. Meanwhile, multi-
walled CNTs (MWCNTs) with hole defects on the walls,* as well
as defective air-oxidized MWCNTSs,** have also exhibited high
ORR activity. The edges and defects, which exist in most
reported nitrogen-doped carbon nanomaterials, may also serve
as ORR active sites. In contrast, single-walled carbon nanotubes
(SWCNTs) have a carbon lattice with sp” hybridized bonds
without edges, defects, or stacked graphene structures, and
thus can serve as a model material for studying the ORR active
sites. In nitrogen-doped SWCNTs, controlling the structural
factors (e.g., the level of nitrogen doping, the chemical bonding
state, and the regularity of the carbon lattice structure after
doping) is key to identifying the catalytic active sites.

Existing methods for doping CNTs with nitrogen are gener-
ally categorized into the “direct-doping” and “post-doping”
syntheses.®® The direct-doping synthesis can be realized
through either the arc discharge method**** or the chemical
vapor deposition (CVD) method.>**** The majority of reported
nitrogen-doped CNTs used as ORR catalysts are synthesized by
the CVD method. However, in both methods it is extremely hard
to control the structural factors mentioned above. Meanwhile,
post-doping synthesis, in which nitrogen atoms are introduced
to the synthesized/formed CNTs, allows one to control these
structural factors.**> However, the preparation of SWCNTs with
high levels of nitrogen doping and preserved SWCNT lattice
structure using the post-doping approach has not been
reported.

Recently, we succeeded in synthesizing nitrogen-doped
SWCNTs by defluorination-assisted nanotube-substitution
reaction.”® In this new post-doping synthesis method, fluori-
nated SWCNTs were reacted with ammonia gas at reaction
temperatures of 300-600 °C. The maximum level of nitrogen
doping in the prepared materials was 3.04 at%, and the two
functional groups “pyridinic-nitrogen (Pyri-N) and pyrrolic-
nitrogen (Pyrr-N)” and “graphitic-nitrogen (Grap-N)” accounted
for 72-76% and 16-19% of the total nitrogen species, respec-
tively. In the current study, we investigated the ORR catalytic
activity of these nitrogen-doped SWCNTs by cyclic voltammetry
(CV) and linear sweep voltammetry (LSV), using the rotating
disk electrode (RDE) technique in an aqueous sulfuric acid
electrolyte. The durability of these catalysts was also evaluated
and shown to surpass that of the Pt-C catalyst.

2. Experimental section
2.1. Synthesis of nitrogen-doped SWCNTs

Fig. 1 is a schematic illustration of the synthesis procedure of
the nitrogen-doped SWCNTs synthesized by the defluorination-
assisted nanotube-substitution reaction with ammonia gas at
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reaction temperatures of 300-600 °C.** Highly crystalline
SWCNTs (hc-SWCNTs) were synthesized by the arc discharge
method, purified by oxidation in air and a subsequent acid
treatment, and finally annealed at 1200 °C (for details see
“Preparation of hc-SWCNTs” in the ESIT).**™** Next, the fluori-
nation procedure was carried out as follows: 150 mg of the
hc-SWCNTs were put in a polytetrafluoroethylene (PTFE) tube
(inner diameter of 6.0 mm). The PTFE tube was then placed at
the center of a stainless steel tube (inner diameter of 10 mm),
which, in turn, was kept at the center of a tubular electric
furnace. After the hc-SWCNTs had been annealed in vacuum at
250 °C for 2 h in order to remove the water adsorbed on them,
they were fluorinated at 250 °C using a gas mixture of 20% F,/N,
for 4 h (flow rate of 25 mL min~"'). Subsequently, they were
subjected to thermal annealing at 250 °C for 1 h in a nitrogen
flow (20 mL min~"). The fluorinated SWCNTs were character-
ized using X-ray photoelectron spectroscopy (XPS). From the
XPS data, their C : F stoichiometry was determined to be CF, zo.
These fluorinated SWCNTs are hereafter referred to as
“F-SWCNTs”. The final procedure for the nitrogen-doping
reaction was as follows: 10 mg of the F-SWCNTs was put in
a quartz glass boat, and the boat was placed at the center of
a quartz glass tube (inner diameter of 21.4 mm and length of
700 mm), which was then set at the center of a tubular electric
furnace. After the F-SWCNTs had been annealed in vacuum at
110 °C for 1 h in order to remove the water adsorbed on them,
they were held in vacuum until the temperature at the centre of
the furnace reached certain reaction temperatures (at steps of
100 °C for temperatures of 300-600 °C). Next, the F-SWCNTs
were reacted with ammonia at the specific temperature for
30 min in a flow of a mixture of 1.0% NH3/N, gas (flow rate of
250 mL min ). After the completion of the reaction, the sample
was allowed to cool to room temperature in a nitrogen gas flow
(50 mL min~') and was subsequently removed from the
furnace. These nitrogen-doped SWCNTs are hereafter referred
to as “N,-c-doped SWCNTSs” (x: reaction temperature).

2.2. Characterization of materials

XPS was performed using an AXIS-ULTRA system (Shimadzu
Ltd, Japan) with a monochromatized Al Ko line in order to
analyze the elemental composition and chemical bonding state
of the samples. The sample morphologies were determined
using a HRTEM system (HF-2000, Hitachi, Japan) equipped with
a field-emission gun. The HRTEM systems were operated at
200 kV. Raman scattering spectroscopy (Jobin-Yvon T64000,
Horiba Co. Ltd, Japan) was used to analyze the vibrational
modes of the graphitic materials. These measurements were
performed at room temperature using a semiconducting laser
(473.0 nm). The specific Brunauer-Emmett-Teller (BET) surface
area was measured on an Autosorb-iQ (Quantachrome Instru-
ments, USA) by nitrogen molecule adsorption at —196 °C.

2.3. ORR catalytic activity test

CV and LSV were used to evaluate the ORR activity of the sample
catalysts, using the RDE technique with an analytical rotator
system (RRDE-1, NikkoKeisoku, Japan). The CV and LSV

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Schematic illustration of the defluorination-assisted nanotube-substitution reaction for the synthesis of nitrogen-doped SWCNTs.

measurements were obtained using a potentiostat/galvanostat
(Reference 600, Gamry Instruments, USA) in a single-compart-
ment glass cell with an assembled three-electrode arrangement.
The working electrodes were glassy carbon electrodes (¢ = 6 mm)
embedded in Teflon (NDE-4, NikkoKeisoku, Japan). These elec-
trodes were polished on polishing cloth to obtain a mirror
surface, using two different alumina slurries with grain diame-
ters of 1.0 and 0.05 pm (BAIKALOX, Baikowski, France). A plat-
inum ring was used as the counter electrode, and the potential
of the working electrode was measured using an Ag/AgCl
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(saturated KCl) reference electrode. All potentials described in
this study are based on the Ag/AgCl reference electrode (+0.199 V
vs. RHE). A 0.5 M H,SO, solution was used as the electrolyte,
which was prepared from high-purity sulfuric acid (Semi-
conductor Grade, Wako Pure Chemical Industries, Ltd, Japan)
and ultrapure water (PURELARB flex system, ELGA, USA,; resistivity
= 18.2 MQ cm; TOC = 5 ppb). Each measurement was carried
out in both N,- and O,-saturated electrolytes obtained from
purging with the respective gases (N,: purity > 99.9995 vol%
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Fig. 2 Njs XPS spectra of the (a) N3gg-c-doped, (b) N4gp-c-doped, (c) Nsgg-c-doped, and (d) Nggg-c-doped SWCNTSs. The dotted lines are the

deconvoluted peaks N1-N7.
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(G3 grade), O,: purity > 99.9 vol% (G3 grade). Both from Taiyo
Nippon Sanso Co., Japan) for over 30 min.

The catalytic inks were prepared by mixing N,-c-doped
SWCNTs (synthesized at x°C), 5 wt% Nafion solution (DE521 CS,
Wako Pure Chemical Industries, Ltd, Japan), and ethanol
(HPLC Grade, Wako Pure Chemical Industries, Ltd, Japan) in
the mass ratio of 1:1:20 and sonicating for 30 min. The
catalytic layer was created by drop-casting 12 pL catalytic ink on
the GC electrode followed by sufficient drying at room
temperature. Then, a mixture of 5 wt% Nafion solution and
ethanol (in 1: 10 weight ratio) was used to coat a thin Nafion
layer on top of the catalytic layer, by dropping 6 uL of the
Nafion/ethanol solution on the catalyst/GC electrode and drying
sufficiently at room temperature. The thin Nafion layer acts as
a binder to prevent the deposited catalytic layer from detaching
from the GC electrode. This layer can also reduce the internal
resistance of the catalyst electrode.*®” The amount of the
catalyst and the thickness of the Nafion layer on the electrode
were estimated to be 1.55 mg cm ™~ and 0.38 um, respectively.*®

The non-doped SWCNTs (hc-SWCNTs) and commercial Pt-C
catalysts with 46.1 wt% Pt (TEC10E50E, Tanaka Kikinzoku
Kogyo, Japan) were used as comparisons. Their CV and LSV
curves were recorded with catalytic electrodes prepared with the
same procedure and layer structure. For the Pt-C catalyst, the
LSV curves were recorded in the potential range of —0.1 to +1.0
V. The procedures of the CV and LSV measurements are
explained in the ESI.j All measurements were performed at
25 £ 1 °C and repeated three times for verification.

2.4. Durability test of ORR catalytic activity

The durability of nitrogen-doped carbon nanomaterials for ORR
has been measured in many ways, such as against CO or CH;OH
impurities in the gases,'*® current stability tests at constant
potentials,>* and electrochemical stability tests by continuous
CV.2448%0 1n this study, the catalytic durability of N,.c-doped
SWCNTs and Pt-C catalysts was examined by a load cycle test in
potential cycle tests recommended by the Fuel Cell Commer-
cialization Conference of Japan (FCC]J).** The catalytic electrode
on RDE, which is not a membrane-electrode assembly but
a single catalytic electrode (half-cell), was prepared in the same
way as for the CV and LSV measurements. The potential step
cycling test was performed in N,-saturated 0.5 M H,SO, without
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rotation. For the hc- and N,.c-doped SWCNT catalytic elec-
trodes, in each cycle the potential was stepped between +0.4 and
+0.8 V, with a holding period of 3 s at each step. After every
1000 cycles, the electrolyte was saturated with oxygen by
bubbling with O, for over 30 min, and the LSV curve was then
recorded (scan rate: 10 mV s, potential range: —0.3 to +0.8 V,
rotation rate: 1600 rpm). For the Pt-C catalytic electrode, the
tests were conducted under the same conditions except that the
LSV curves were recorded in the potential range of +0.1 to
+1.0 V. The percentage decrease in the current density of ORR at
a standard potential in the LSV curves was used as the durability
indicator.*® In the FCCJ recommendation, the current density at
+0.9 Vvs. RHE (+0.7 V vs. Ag/AgCl in saturated KCl) in the LSV
curve at the rotation rate of 1600 rpm is the standard potential
for Pt-C catalysts.”* In this study, the current density of Pt-C
catalyst electrodes at +0.7 V was 80% that of the limiting current
density in the LSV curve. Therefore, the standard potential for
the N-doped SWCNT catalyst is defined as the potential at which
its current density is 80% the respective limiting current density
in the LSV curve. After every 1000 cycles, a CV scan was con-
ducted at the scan rate of 10 mV s~ " in the potential range of
—0.15 to +1.0 V in the N,-saturated electrolyte. The electro-
chemically active surface area (ECSA) was estimated from the
area integral of the hydrogen absorption/desorption curves. The
durability test was stopped when this area decreased to less
than 50% of its initial value before the test.”*

3. Results and discussion
3.1. Characterization of nitrogen-doped SWCNTs

The Ny XPS peak for each N,-c-doped SWCNT sample could be
deconvoluted into seven peaks (Fig. 2). The peaks labeled N1,
N2, N3, N4, and N5 were attributable to the pyridinic-type
nitrogen bond (398.5 + 0.1 eV),*"**> primary amine bond (399.3
+ 0.1 eV),***3 pyrrolic-type nitrogen bond (400.0 + 0.2 eV),*"
graphitic-type nitrogen bond with the center-nitrogen atom
(401.2 £ 0.1 eV, for the nitrogen position see the model in
Fig. S1at),>>*"*? and the graphitic-type nitrogen bond with the
valley-nitrogen atom (402.4 £ 0.1 eV, for the nitrogen position
see the model in Fig. S1b¥).?° The XPS peaks labeled N6 (403.9 &
0.2 eV) and N7 (405.3 £ 0.2 eV) with higher binding energies
were assigned to nitrogen oxide groups such as pyridine-N-oxide

Table 1 Chemical compositions of the hc-, F-, and N,-c-doped SWCNTs and the respective concentrations of various nitrogen species, as
estimated from the XPS results. The ratios of the Raman scattering intensities (/p//g) between the D-band and G-band, and the BET specific

surface areas for each sample are also shown

Chemical composition (at%)

Component of nitrogen species (at%)

Samples C o N F N1 N2 N3 N4 N5 N6 N7 In/lg BET (m* g ")
he-SWCNTs 98.48 152 0.00 0.00 — — — — — — — 0.01 £ 0.001  173.4 £ 22.3
F-SWCNTs 71.36 111 0.00 27.53 — — — — — — — 0.92 +0.042  151.3 £ 10.6
Nigp-c-doped SWCNTs ~ 87.16  1.67  2.64 853 119 0.08 071 033 0.17 010 0.05 0.69 &£ 0.057 173.0 & 7.83
Nyoo-c-doped SWCNTs ~ 94.20  1.62  3.04 114 128 0.09 092 037 020 0.10 0.08 0.56+0.020 173.0 £+ 21.4
Nsoo-c-doped SWCNTs 9519 1.63  2.38 0.80 0.98 0.08 084 024 0.4 0.07 003 0.56+0.050 181.0 & 23.0
Ngoorc-doped SWCNTs ~ 96.49 122 1.38 091 055 0.05 046 013 010 0.05 0.04 0.56 +0.062 208.9 + 13.4
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bond and nitro groups.*»**** Table 1 summarizes the chemical
compositions and concentrations of the various nitrogen
species in each sample obtained from the XPS analysis.
The concentration of nitrogen doping was in the range of
1.38-3.04 at%, with the maximum doping occurring in the
Nyo0cc-doped SWCNTs. Therefore, this method is effective for
introducing nitrogen atoms at high concentrations. From
Table 1, all the N,.c-doped SWCNTs contained enriched pyr-
idinic- and pyrrolic-types of nitrogen (72-76%) and graphitic-
type nitrogen (16-19%). The hc-SWCNTs were directly reacted
with 1.0% NH;/N, mixed gas (ie., without fluorination) at
300-600 °C (at steps of 100 °C) for 30 min. Fig. S21 shows the
wide-range and narrow N;¢ XPS spectra of the hc-SWCNTs after
reaction at 500 °C. No peaks related to the nitrogen chemical
bonds were detected by XPS (see Table S1t). Therefore, the
defluorination-assisted nanotube-substitution reaction is the
key for doping nitrogen into the carbon framework at relatively
low temperature.

Fig. 3 shows the high resolution transmission electron
microscopy (HRTEM) images of each sample. The straight
lattice in the hc-SWCNTs is clearly visible, indicating their
highly crystalline structure (Fig. 3a). In Fig. 3b, the lattice in the
F-SWCNTs with the chemical composition of CF, 3 is also quite
visible, therefore the carbon framework remained intact during
fluorination. In the N,-c-doped SWCNTs (Fig. 3c-f), the linearity
and clarity of the lattice decreased with increasing reaction
temperature, indicating the formation of wavy, disordered
turbostratic structures with nanoscale vacancy-type defects. In

Fig. 3 HRTEM images of the (a) hc-, (b) F-, (c) N3gg-c-doped, (d)
N4oo-c-doped, (e) Nsgo-c-doped, and (f) Nggo-c-doped SWCNTSs.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Schematic models of skeletal reconstruction of the carbon
frame by nitrogen doping in the cases of (a) small hole defects and (b)
large hole defects created during defluorination.
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particular, the edge faces, which occur in the cross-section
of bundled nanotubes, were observed in the Njqp- and
Neoo-c-doped SWCNTSs.

In the Raman spectra of the samples (Fig. 4), the high ratio
(In/IG) of the intensities between the D band (1350 cm™') and
the G band (1590 cm™ ') for F-SWCNTs indicated that a large
amount of fluorine groups and a small amount of oxygen-con-
taining groups were introduced into the nanotubes, and that
they bonded with the carbon atoms on the nanotube
frame through sp®-hybridized covalent bonds (Table 1). For
N,-c-doped SWCNTs, the I,/I; value at x = 300 (0.691 + 0.057)
was higher than that at other temperatures because of the
remaining fluorine groups (8.53 at%). The Ip/I values of other
N,-c-doped SWCNTs were approximately 0.560, which is higher
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than that of hc-SWCNTs. The reason can be explained as
follows. The intensity of the D band can be increased by two
factors: an increased number of topological defects formed by
defluorination, and framework distortions such as the turbos-
tratic and wavy structure due to the different bond lengths
between C-C and C-N in the nanotube frame of the N,-c-doped
SWCNTSs.”® At high reaction temperatures (500 and 600 °C),
a large number of C,F, molecules such as C,Fg, C5F,, and C,F;
became detached.*>*”*® This process induced large topological
defects and edges in the carbon framework. However, the
nitrogen content decreased with increasing reaction tempera-
ture, as shown in Table 1. As a result, the I,/I; of the N5q0-¢- and
Ngoocc-doped SWCNTs were similar to that doped at 400 °C,
because at higher reaction temperature the number of edges

T T T T T T T T T T T T T T T T
200 N,g.c-doped SWCNTs /]
< or 8
2
= L 4
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£ -200F ¢ b
=} 3
(6] L i
-400f .
T T T T S AN TR TR T SO ST SR TN M W
-0.5 0 0.5 1
Potential (V vs. Ag/AgCl)
d
FT T T T T T T T T T T T T T T T
200k Nsoo-c-doped SWCNTs i
= L 4
o
5 -200F 1
) I _
-400F | -
I S T TR TN TN NN NN SN TR TN TN NN SO S S B
-0.5 0 0.5 1

Potential (V vs. Ag/AgCl)

Fig. 6 Cyclic voltammograms of the (a) hc-, (b) N3gg-c-doped, (c) Nggo-c-doped, (d) Nsgg-c-doped, and (e) Nggg-c-doped SWCNTs/GC elec-
trodes in N,-saturated (blue dotted line) and O,-saturated (red solid line) 0.5 M H,SO, electrolyte (scan rate: 10 mV s ).
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increased while the framework distortions from the C-N bond
decreased. In the F- and Njgo-c-doped SWCNTs, we did not
detect any peaks of the radial breathing mode (RBM), because
RBM in the nanotube frame was hindered by the remaining
fluorine groups.® In other N,-c-doped SWCNTs, a weak RBM
peak was detected at the same position as in hc-SWCNTs,
showing that the nanotube frame remained tubular after
doping.

The BET specific surface area of hc-SWCNTs with 4.0-40 nm
in bundle diameter was 173 4+ 22.3 m® g~ (Table 1), while the
reported value for bundled SWCNTs is about 200 m” g~ *.*° The
specific surface area of F-SWCNTs decreased to 151.3 & 10.6 m>
g~', due to the increase in sample weight by the functionali-
zation of fluorine groups. The specific surface areas of N5pg-c-
and Ngoo-c-doped SWCNTs were slightly higher than that of the
hc-SWCNTs, due to the nanoscopic defects and deformations in
these two samples.

When the F-SWCNTs were heated at temperatures of
300-600 °C, the fluorine groups were detached along with
carbon atoms from the nanotube frame in the form of
C,F,,*>*%® leaving topological defects. Small vacancy-type
defects spanning one or two carbon atoms can be repaired by
the introduced nitrogen atoms such as Pyri-N and Grap-N
(Fig. 5a). With large vacancy-type defects, in contrast, Pyri-N and
Pyrr-N are believed to be introduced only to the edges of the
defects, while the defects themselves are not repaired (Fig. 5b).
Since the contents of the Pyri-N and Pyrr-N were high in the
N,-c-doped SWCNT samples, large vacancy-type defects are ex-
pected to exist, which are possibly related to the highly
concentrated fluorine groups. Gu et al. reported that the fluo-
rination of purified SWCNTs (HiPco) to the stoichiometry of
CF,, followed by pyrolysis at up to 1000 °C breaks the nano-
tubes to short segments of various lengths.®* They speculated
that such segmentation is related to the distribution of fluorine
atoms on the walls of the SWCNTs. Scanning tunneling
microscopy analysis of fluorinated SWNTs®* revealed that the
fluorine atoms tend to arrange themselves around the circum-
ference of the nanotubes to form fluorine-rich bands. In
partially fluorinated SWNTSs, the transition between the fluori-
nated and non-fluorinated bands typically remains orthogonal
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to the SWNT axis.®” As the pyrolysis affects only the fluorinated
parts of the wall while leaving the non-fluorinated parts intact,
this band-like structure causes the SWNTs to break into shorter
sections. The F-SWCNTs in this study possess a high degree of
fluorination (with a stoichiometry CF, 3o), therefore the fluorine
groups may also be concentrated in certain regions, where large
vacancy-type defects are formed after defluorination. If both the
concentration and location of the fluorine groups in F-SWCNTs
can be controlled with precision, the types and concentration of
the nitrogen sites after nitrogen-doping will also be controlled.

3.2. ORR catalytic activity

The CV curves of all samples are shown in Fig. 6. All the catalytic
electrodes exhibited ORR activity in the presence of oxygen,
while no response was observed in the same potential range in
the N,-saturated electrolyte. The hc-SWCNT electrode showed
a peak potential (Epeai) at —0.2 V, therefore it is not a good ORR
catalyst. This is consistent with previous reports on the ORR
catalytic activity of non-nitrogen doped carbon materials in
acidic media.>** The average Epeax values of the N3op:c-, Nagosc-
Nso0°c-, and Ngggec-doped SWCNTs were +0.19, +0.27, +0.27, and
+0.26 V, respectively (Table 2). Epcax of the N,-c-doped SWCNTSs
shifted to more positive values compared to the non-doped
sample, with a maximum shift of 0.47 V. The average current
densities (fpeak) at Epeak (after subtracting the background value
in the N,-saturated electrolyte) were —0.68, —0.67, —0.76, —0.60,
and —0.52 mA cm >, respectively (Table 2).

Fig. 7 shows the RDE curves obtained at different rotation
rates, and Fig. 8 compares the LSV curves of all samples at
1600 rpm. From these curves, the onset potential (E,ns) and
the current density (J@E;,) at the half-wave potential (E;,,) were
estimated. Eynse¢ is defined as the potential where the current
density reaches 10 pA cm 2.* To quantify the reaction, the
number of electrons transferred per oxygen molecule in the
ORR process was determined by the Koutecky-Levich equation
(eqn (1)), which relates the current density j to the rotation rate
of the electrode w:

111 )
j i B 2

Table 2 Peak potential (Egear). peak current density (jpeak). Onset potential (Eqnset). current density at half-wave potential (j@E;/2), and number of
electrons transferred per oxygen molecule (n) involved in ORR for the hc-, N,-c-doped SWCNTSs, and Pt—-C catalysts

cv RDE
Materials Epeak (V) jpeak (mA Cmiz) Eonset (V) j@El/Z (mA Cmiz) n
hc-SWCNTs —0.20 —0.68 +0.16 ND“ ND? 2.32¢
N;00-c-doped SWCNTs +0.18 —0.67 +0.43 ~1.88 2.79° 2.91¢
Nyoo-c-doped SWCNTs +0.27 —~0.76 +0.50 —2.13 2.93° 2.857
Nsoo-c-doped SWCNTs +0.27 —0.60 +0.51 —~1.82 3.31° 3.174
Neoo-c-doped SWCNTs +0.26 —0.52 +0.51 ~1.62 3.39° 3.644
Pt-C +0.64 +0.99 +0.85 —2.78 4.00° 4.00°

“ Indicates “no estimation” because the limit diffusion current density cannot be observed. ” Indicates “no estimation” because the linear
correlation of the Koutecky-Levich plot at a potential of —0.1 V cannot be provided. ¢ Indicates values taken at a potential of —0.1 V. ¢ Indicates
values taken at a potential of —0.3 V. ¢ Indicates values taken at a potential ranging from 0.1 to 0.6 V.
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Fig. 7 RDE curves for oxygen reduction with (a) hc-, (b) N3gg-c-doped, (c) N4gg-c-doped, (d) Nsgg-c-doped, (€) Nggo-c-doped SWCNTSs, and (f)
commercial Pt—C on GC electrodes in O,-saturated 0.5 M H,SO4 electrolyte (scan rate: 10 mV s~ rotation rate: 400-2000 rpm in increments

of 400 rpm).

where ji is the kinetic current density, B is the Levich slope
related to the diffusion-limiting current density, and j is the
observed current density at the rotation speed w. The Levich
slope can be calculated as:

B = 062nFCq (Do ) v "¢ (2)

where 7 is the number of electrons transferred per oxygen
molecule, F is the Faraday constant, Co, is the bulk oxygen
concentration in the electrolyte, Do, is the diffusion coefficient
of oxygen, and v is the viscosity of the electrolyte. In 0.5 M H,SO,

solution, Co, is 1.4 x 10 *mol cm™*, D, is1.15 x 10 ° em®s ™/,

J. Mater. Chem. A

and vis 1.07 x 10”2 cm? s~ %.*° The value of 7 can be determined
from the slope in the Koutecky-Levich plot at each potential
using eqn (2). The average Eqnser, J@E1/2, and n for all samples
are summarized in Table 2. E,,s¢ shifts to the positive in the
N,-c-doped SWCNTs with increasing reaction temperature. The
value of E,pger for the Nsoooc-doped and Ngggec-doped SWCNTs
was +0.51 V, while that of hc-SWCNTs was +0.16 V. The current
density at the half-wave potential, J@E,,, was undetectable in
the hc-SWCNTSs, as the limiting current was not observed in the
LSV curve. In contrast, jJ@E;,, of the Nygo-c-doped SWCNTs
reached a maximum at —2.13 mA cm™ 2. The value of n at the
potential of —0.3 V for the hc-SWCNT electrode is 2.32,

This journal is © The Royal Society of Chemistry 2016
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commercial Pt—-C on GC electrodes in O,-saturated 0.5 M H,SO4
electrolyte (scan rate: 10 mV s, rotation rate: 1600 rpm).

indicating the dominance of the two-electron pathway, which
is an inefficient ORR with oxygen reduced to water
through hydrogen peroxide (H,O,). On the other hand, for the
N,.c-doped SWCNTs n increased with increasing reaction
temperature, with n > 3 for the N5op-c- and Nggo-c-doped SWCNT
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electrodes at —0.3 V. In particular, n for the Ngg-c-doped
SWCNTs was as high as 3.64. Therefore, in these two samples
the four-electron pathway, which is an efficient ORR that
directly reduces oxygen to water, is dominant with the coexist-
ing two-electron pathway.>**

For the four N,-c-doped SWCNT catalysts, Fig. 9a presents
the contents of residual fluorine groups and Eqpser, While Fig. 9b
presents the contents of residual fluorine groups and n values.
The residual fluorine content, which decreases with increasing
reaction temperature, is inversely correlated with E, ¢ and n. A
larger amount of fluorine groups in fluorinated SWCNTs
reduces the contribution to 7 electron conductivity from the
sp>-covalently bonded carbon atoms.* As previously reported,
the average volume resistivity of each free-standing N,-c-doped
SWCNT film was in the 1.9 to 3.7 Q cm range, indicating that
their resistivities were almost the same.** Therefore, a larger
number of residual fluorine groups in the Njq-c-doped
SWCNTs are considered not to lead to a higher internal resis-
tance in the catalyst electrode. Sun et al. reported that fluorine-
doped carbon black with a fluorine content of 0.41 at% had
enhanced catalytic activity for ORR in 0.1 M KOH.* Here, we
evaluated the ORR catalytic activity of nitrogen-free fluorinated
SWCNTs with two different fluorine contents (2.69 and
5.62 at%, respectively) by CV and RDE curves in 0.5 M H,SO,

(o
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Fig.9 (a) Fluorine content and the onset potential as functions of the reaction temperature in N,-c-doped SWCNTs. (b) Residual fluorine content
and the number of electrons transferred per oxygen molecule in ORR as functions of the reaction temperature. (c) Nitrogen content and the
oxygen reduction current density at half-wave potential as functions of the reaction temperature. (d) Nitrogen content and the number of
electrons transferred per oxygen molecule in ORR as functions of the reaction temperature.
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Fig. 11 Relative current densities of Nsgo-c-doped SWCNTs and
commercial Pt—C during 11 000 cycles of the durability test.

(referred to as “Fj g0atee-SWCNTs” and “Fs gzat0-SWCNTS”; see
“Materials and methods”, Fig. S3, and Table S2 in the ESI}). The
F5 60at%-SWCNT catalyst exhibited low ORR activity because the
Epeaky Eonset, and n value were respectively —0.09 V, +0.23 V, and
2.46 (Fig. S4 and Table S31), which are comparable to or slightly
higher than those for the hc-SWCNT catalyst. In addition, the
Fs.62at%-SWCNT catalyst also showed low ORR activity. The
fluorine groups of both the F, goat0e- and Fs g2at0-SWCNTs do
not have a good effect on ORR activity in 0.5 M H,SO,.
Therefore, the fluorine groups are the likely reason why the
N3po:c-doped SWCNTs had lower ORR catalytic activity than
those doped at higher temperatures (400-600 °C). Fig. 9c pres-
ents the correlation between the content of the introduced
nitrogen atoms and j@E, ,, while Fig. 9d presents the content of
the introduced nitrogen atoms and the corresponding n values,
as the reaction temperature is varied. This correlation shows
that the doping nitrogen atoms increase the ORR catalytic active
sites, leading to increased j@E;,. However, the n value of
the Nggooc-doped SWCNT catalyst is higher than that of
Nsooe:c-doped SWCNT catalyst. At this stage, we speculate
this phenomenon as follows. In the N,.c-doped SWCNTs

J. Mater. Chem. A

(x = 500, 600), the n values are close to 4 with decreasing
nitrogen contents. In these catalyst samples prepared at higher
temperatures, a number of large topological defects with their
associated edges were created, at which a small number of
pyridinic- and pyrrolic-type nitrogen atoms could be intro-
duced. Although the samples had lower j@E,;/, values, these
nitrogen functionalities (species) might play a key role in
the four-electron pathway for the ORR. In an effort to clarify the
ORR catalytic active sites, we need to control the content
and species of doping nitrogen atoms in nitrogen-doped
SWCNTSs.

Judged from the Epeak, Eonses 7, and j@E;, values in
a comprehensive manner, the N5qo-c-doped SWCNT catalyst in
this study possessed the highest ORR catalytic activity. Its ORR
activity is comparable to previously reported values for nitrogen-
doped SWCNTs in the same electrolyte.*

3.3. Durability of ORR catalytic activity

The ECSA value of the Pt-C catalyst was reduced to 50% of the
initial value after 11 000 cycles (Fig. S5at). Therefore, the
durability test was limited to 11 000 cycles. (The CV curves of the
Pt-C catalytic electrode before and after the potential cycle test
are shown in Fig. S5b.) Fig. 10 shows the LSV curves of the
N500-c-doped SWCNTs, which exhibited the best ORR catalytic
activity, and the Pt-C catalyst before and after the durability
test. The current densities of both catalysts were found to
decrease after the test. Fig. 11 shows the relative ORR current
density of each catalyst electrode during potential cycling,
normalized by the initial current density at the respective
standard potential. At the 11 000™ cycle, the relative current
density of Pt-C was only 67% of its initial value, and its ECSA
value decreased as well. In contrast, 93% of the initial current
density of Njgpcc-doped SWCNTs was maintained at the
11 000™ cycle, demonstrating its excellent durability in the
load-potential cycle for ORR catalytic activity. We believe such
excellent durability can be attributed to the preservation of the
nanotube frame and the high content of nitrogen-doped sites.
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4. Conclusions

We have developed a new and simple post-doping synthesis
method to synthesize nitrogen-doped SWCNTs by reacting
fluorinated SWCNTs with ammonia gas at reaction tempera-
tures of 300-600 °C. In this study, the prepared metal-free
nitrogen-doped SWCNTs were evaluated for their electro-
chemical ORR catalytic activity by CV and LSV using the RDE
technique, and their catalytic durability was compared to that of
Pt-C in the load-cycle test in potential cycle tests in 0.5 M
H,SO,. The N,.c-doped SWCNTs, especially the N5q-c-doped
sample, demonstrated excellent ORR catalytic activity, in terms
of peak potential (Epeai), onset potential (Egpset), current density
at the half-wave potential (jJ@E;,), the number of electrons
transferred (n), and long-term catalytic durability.

Given the various advantages of the defluorination-assisted
nanotube-substitution reaction, in the future we plan to
synthesize nitrogen-doped SWCNTs with a better preserved
nanotube frame, higher amounts of nitrogen doping, and
controlled nitrogen species by optimizing the synthesis condi-
tions, such as the degree of fluorination and the flow of
ammonia gas. We believe these new carbon nanomaterials will
exhibit even better ORR catalytic activity and durability, as well
as provide clarification of the ORR catalytic active sites.
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