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Toward Full Exposure of “Active Sites”: Nanocarbon
Electrocatalyst with Surface Enriched Nitrogen for
Superior Oxygen Reduction and Evolution Reactivity

Gui-Li Tian, Qiang Zhang,* Bingsen Zhang, Yu-Guang Jin, Jia-Qi Huang,

Dang Sheng Su,* and Fei Wei*

The oxygen reduction reaction (ORR) and oxygen evolution reaction (OER)
play a decisive role for the efficiency of fuel cells and metal-air batteries.

The nitrogen doped carbon materials with low cost and long durability are
potential catalysts to replace precious metal catalyst for oxygen electrochem-
istry; however, the unexposed active sites induced by the bulk dopant atoms
are hardly accessible and consequently scarcely contribute to the catalytic
property. In this study, carbon nanotubes (CNTs) are selected as the platform
to demonstrate the potential of full exposure of ‘active sites’ at the surface.
Novel N-doped carbon coaxial nanocables with the pristine CNTs as the core
and the N-doped carbon layers as the shell are proposed. The accessible and
efficient utilization of the integrated nitrogen atoms enriched on the surface,
together with the undestroyed intact inner walls, render the electrocatalyst
much enhanced electrocatalytic activity and high electrical conductivity of

Pt, Ir, and Ru, et al. are usually effective
to boost the ORR or OER rate,??! but their
practical applications are severely limited
by the prohibitive cost, scarce resource,
and poor durability. Therefore, non-noble
metal material and even non-metal mate-
rial were explored for overcoming the
limitation of the precious metal electro-
catalysts for ORR and OER.*® In par-
ticular, the bifunctional electrocatalysts for
both OER and ORR reactions were highly
desired for the unitized regenerative fuel
cells (URECs), which can do the water
electrolysis in regenerative mode and
function in the other mode as a fuel cell
recombining oxygen and hydrogen gas
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3.3 S cm™', therefore, N-doped nanocables afford higher oxygen reduction
current, ~51 mV positively shift onset potential, low peroxide generation, as
well as lower overpotential and higher current for oxygen evoluation reaction.

1. Introduction

The oxygen electrochemistry involved energy systems, such as
fuel cells and metal-air batteries, are of great attractive prospect
due to their high capacity and environmental friendliness.!'?l As
the main cathodic and anodic reaction, respectively, the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER)
play a decisive role for the efficiency of such energy conver-
sion and storage devices. However, both of the ORR and OER
are kinetically sluggish due to the complicated multi-electron
transfer process. The catalysts based on precious metals like
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to produce electricity. Recently, Dai and
co-workers!® reported that the nitrogen-
doped carbon nanotubes (NCNTs) acted as
an excellent electrocatalyst candidate with
better electrocatalytic activity, long-term
stability, and tolerance to crossover effect
than the conventional Pt for ORR. Furthermore, the nitrogen-
doped carbon materials were found as the efficient oxygen
evolution electrocatalysts with comparable activity to those of
iridium and cobalt oxide catalysts.”! The N-doped carbon mate-
rials were with low cost, high catalytic activity, long durability,
as well as abundant resource on earth, which were potential
catalysts for oxygen electrochemistry and highly concerned
recently.l>”]

The incorporation of nitrogen atoms into the carbon frame-
works can effectively modulate the electronic structure of the
surrounding carbon atoms and tune the local charge den-
sity distribution,®] which results in the improvement of the
chemical reactivity and subsequently promotes the catalytic
performance.”) In heterogeneous catalysis, the active sites of
the catalysts are expected to be exposed at the surface which
can be accessible to the reactants as much as possible in order
to achieve high catalytic efficiency. However, for most of rou-
tine NCNTs directly synthesized by chemical vapor deposition
(CVD) growth and chemical doping,/®!%!1 the incorporated N
atoms distributed uniformly in general, whereas the active sites
induced by the dopant atoms in the inner walls of NCNTs were
hardly accessible and consequently contributed to the catalytic
property scarcely. Besides, the bamboo-like structure or the
cup-stacked structure of the routine NCNTs render complex
packing of graphene layers, which hinder the rapid electron

Adv. Funct. Mater. 2014, 24, 5956-5961


http://doi.wiley.com/10.1002/adfm.201401264

Makeis
Vier'S
www.MaterialsViews.com

transport along the graphene layers. In this regard, it's highly
desired for an efficient NCNT electrocatalyst to selectively
incorporate the N atoms into the carbon nanotubes (CNTs) on
the surface to fully expose the active sites while the inner con-
tinuous CNT walls are well preserved.

In this contribution, a nanocarbon electrocatalyst with sur-
face enriched nitrogen was proposed to fully expose ‘active
sites’ at the surface for superior oxygen reduction and evolu-
tion reactivity. The nitrogen-doped coaxial carbon nanocables,
denoted as CNT@NCNT, with the pristine CNTs as the core
and the N-doped carbon layers as the shell were selected as
the model system (Figure 1). The active sites rendered by
the surface enriched dopant atoms were expected to be more
accessible and effective to catalyze the oxygen involved electro-
chemical reactions. Therefore, the as-obtained CNT@NCNT
nanocables afforded higher ORR/OER current compared with
the routine bulk doped NCNTs.

2. Results and Discussion

2.1. Structure of Nanocarbon Electrocatalyst with Surface
Enriched Nitrogen

The microstructures of CNT@NCNT electrocatalyst with
surface enriched nitrogen were presented in Figure 2. Both
pristine CNTs and NCNTs mass produced in a fluidized bed
reactor'?l were selected as control samples. The CNT@NCNT
coaxial nanocables fabricated by CVD of nitrogen-containing
compounds on the pristine CNTs were similar with that of the
pristine CNTs (Figure S1). The N-doped turbostratic carbon
layers were epitaxial grown on the outer walls of pristine CNTs,
resulting in the CNT@NCNT coaxial nanocables constituted
by the cylindrical CNT walls and the wrinkled N-doped layers
(Figure 2c). The higher D/G ratio in Raman spectra (Figure S2)
implied the high-density defects of CNT@NCNT due to the
incorporation of N atoms. With prolonging the epitaxial growth,
the N-doped layers became thicker. Consequently, the CNT@
NCNT nanocables were with a larger outer diameter (Figure S3).
The number of N-doped turbostratic carbon layers can be mod-
ulated from almost one to several dozens, corresponding to the
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Figure 1. Scheme for the full exposure of ‘active sites’ on the surface:
NCNTs with bulk doping of nitrogen atoms, while CNT@NCNT coaxial
nanocables with surface enriched nitrogen for OER and ORR.
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surface N/C ratios from 0.0238 to 0.145 (Table 1 and S1) by con-
trolling epitaxial growth duration from 0.5 to 3 h, respectively.
The CNT@NCNT products were denoted as CNT@NCNT,
CNT@NCNT-1, CNT@NCNT-3 corresponding to the epitaxial
growth duration of 0.5, 1, and 3 h, respectively.

In order to confirm the doping of N atoms in the CNT@
NCNT nanocables, energy filtered transmission electron
microscopy (EFTEM) was employed to clarify the distribution
of N atoms. The N atoms were indeed concentrated on the sur-
face of the nanocable (Figure 2d & 2e), which is quite different
from the homogeneous distribution of N atoms in bulk doped
NCNTs.'M13] The electron energy loss spectrum (EELS) in
Figure 2f and S4a also confirm the contribution of nitrogen in
the as obtained nanocable. Most carbon atoms were sp-hybrid-
ized as reflected by the characteristic 7* and ¢* transitions in
the carbon K edge.™ The surface nitrogen amount was further
determined by X-ray photoelectron spectroscopy (XPS) analysis
(Figure 2g, S4b, and S5). The N 1s spectrum was deconvo-
luted into five peaks which were assigned to pyrridinic N
(398.4 eV), pyrrolic N (399.5 eV), quaternary N (401.0 eV), oxi-
dized N (402.7 eV), and chemsorbed N (404.9 eV), respectively
(Figure 2g). The relative ratios of the N-containing functional
groups were summarized in Table S2. Furthermore, elemental
analysis via combustion was carried out to determine the
total bulk content of nitrogen element in the electrocatalysts.
Notably, the atomic N/C ratio determined by XPS (0.0238) was
higher than that determined by elemental analysis (0.0219) for
the CNT@NCNT nanocables, indicating that the N atoms were
concentrated on the surface of the CNT@NCNT nanocables. In
contrast, the N/C ratio for the conventional NCNTs determined
by XPS (0.0235) was lower than that determined by elemental
analysis (0.0261), which was ascribed to the concentrated dis-
tribution of N atoms in the bamboo site inside the tube.?!
The electrical conductivity of the CNT@NCNT nanocables was
determined as 3.3 S-cm™! by the four-probe technique, over
3 times higher than that of the routine bamboo-like NCNT5,
which was attributed to the undestroyed continuous inner walls
in the CNT@NCNT.

With the integrated N atoms concentrated at the surface,
the CNT@NCNT coaxial nanocables were expected to exhibit
more effective ‘active sites’, consequently with better catalytic
activity, than the bulk doped NCNTs with the similar doping
level. Investigation of the electrocatalytic performance towards
ORR and OER was performed as probe reactions to evaluate
the catalytic property of the nanocarbon electrocatalysts. The
doping content of nitrogen determined by XPS in the routine
NCNTs is comparative with that in the CNT@NCNT nano-
cables. The specific surface areas of the three samples calcu-
lated by N, sorption isotherm were also comparative with each
other (Table 1).

2.2. ORR Performance

The electrochemical measurement was carried out using a clas-
sical three-electrode electrochemical station with a saturated
calomel electrode (SCE) and a platinum foil electrode as the ref-
erence and counter electrode, respectively. The electrocatalysts
were supported on the glass carbon disk of a rotating ring-disk
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Figure 2. Structure of CNT@NCNT electrocatalyst with surface enriched nitrogen: TEM images
of (a) pristine CNTs, (b) NCNTs, and (c) CNT@NCNT coaxial nanocables; the element map-
ping showing the distribution of N (green), C (red), and O (blue), of CNT@NCNT coaxial nano-
cables with the surface N/C ratio of (d) 0.0238 and (e) 0.0809; (f) high resolution EELS spectra
of carbon K edge and nitrogen K edge and (g) N Ts core level XPS spectra for CNT@NCNT.

Table 1. Structure features of carbon electrocatalysts.
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electrode (RRDE) as the working electrode.
As shown in Figure 3a, the undoped pristine
CNTs exhibited poor electrocatalytic activity
for ORR with quite a negative onset potential
—0.158 V and low cathodic current density
compared with the NCNTs. The onset potential
of CNT@NCNT nanocables was ca. —0.022 V,
about 51 mV more positive than that of rou-
tine NCNTs. The disk current for the CNT@
NCNT was higher than that for the NCNT
catalyst, while the ring current ascribed to the
generation of peroxide was much suppressed
on the CNT@NCNT electrode. The peroxide
yield, as well as the electron transfer number,
calculated from the corresponding disk and
ring current was illustrated in Figure 3b. The
peroxide yield on the CNT@NCNT electrode
is below 14.6% in a wide potential range
from —0.2 to —0.8 V, indicating a four-electron
pathway, whereas on the NCNT electrode the
peroxide yield was averaged as high as ~30%.
Accordingly, CNT@NCNT with surface
enriched N atoms exhibited superior electro-
catalytic activity for ORR in comparison with
the bulk nitrogen doped CNTs. The durability
evaluation of the CNT@NCNT electrocatalyst
for ORR was also performed at the potential
of 0.3 V with a rotating rate of 1600 rpm. As
showed in Figure S6, a high relative current of
89.2% was still remained after 16000 s, indi-
cating the high stability of the CNT@NCNT
electrocatalyst. Furthermore, the optimized
nanocable, CNT@NCNT-1 with an increased
surface N/C ratio of 0.0809, a bulk N/C ratio
0.0472, and a ca. 1 nm thick N-doped carbon
layer afford even better electrocatalytic perfor-
mance with a more positive onset potential
of —0.015 V, a peroxide yield below 8.68%,
and the electron transfer number over 3.8 in
the wide potential range from -0.2 to -0.8 V
(Figure S7).

2.3. OER Performance
When the potential applied on the working

electrode was positively swept from 0 to 0.85 V
with the scan rate of 5.0 mV s and the

Sample Surface N/C ratio? Bulk N/C ratio®) SSA (m? g™ In/lg
CNT - - 211.0 1.32
NCNT 0.0235 0.0261 214.5 1.35
CNT@NCNT 0.0238 0.0219 208.0 1.34

ADetermined by XPS analysis; ® Determined by elemental analysis via combustion method.
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3 0 0 regimes, respectively, were presented in
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Figure 3. (a) Rotating ring disk voltammograms recorded for CNT, NCNT,

electrode in an O,-saturated 0.1 mol L™' KOH solution at a scan rate of 5.0 mV s™'. The disk
current densities (bottom) and the corresponding ring current densities (top) are displayed
separately as illustrated in the figure and the rotating speed of the electrode was 1600 rpm.

(b) Percentage of peroxide (solid line) and the electron transfer number (n,

CNT, NCNT, and CNT@NCNT catalysts at various potentials, based on the corresponding

RRDE data in (a).

rotating speed for the disk electrode was 1600 rpm, the OER
catalytic activities were estimated in 0.1 mol L~! KOH solution.
The NCNTs displayed notably much improved OER current
than the pristine CNTs (Figure 4a). CNT@NCNT nanocables
exhibited higher OER catalytic activity with smaller overpo-
tential than the routine NCNTs. The potential required for the
current density of 10 mA c¢cm™ is an essential parameter rel-
evant to solar fuel cells, which is widely used to evaluate the
OER catalysts. As for the CNT@NCNT coaxial nanocables with
the active sites concentrated on the surface, the potential cor-
responding to the current density of 10 mA cm™ was ~0.75 V,
about 20 mV more negative than that of the bulk doped
NCNTs, suggesting a lower overpotential for

OER. The polarization curves in Figure 4a (a)

were depicted into Tafel plots as presented
in Figure 4b. At low overpotential, the OER
mainly occurred under the electrochemical
polarization. With the potential applied on
the working electrode increasing, the oxygen
evolution current on the electrode drift off
the Tafel plot to a low current level due to the
emerging concentration polarization caused
by the slow and inefficient mass transfer at
the interface between electrode and electro-
lyte. Compared with the NCNT, the concen-
tration polarization emerged on the CNT@
NCNT electrode at a relatively high overpo-
tential, indicating more efficient and effec-
tive mass transfer on this electrode. The N
atoms doping in CNT@NCNT were con- 0+

15+

J/ mAcm?

(&)}
M

= CNT
== NCNT
= CNT@NCNT

were counted for the 4-electron process and
the TOFs of the OER were calculated based
on the hypothesis that the reaction occurred
through a 4-electron pathway."”l Take —0.50 V
in ORR and 0.80 V in OER as examples, the
current at the CNT@NCNT electrode nor-
malized based on the N amount measured
by elemental analysis (0.57 mA pgN~! for
ORR and 2.01 mA pgN~! for OER) was much
higher than that on the NCNT electrode (0.44 mA pgN~! for
ORR and 1.49 mA pgN~! for OER), in spite of the less bulk N
amount in CNT@NCNT nanocables. It was demonstrated that
the dopant N atoms in the CNT@NCNT coaxial nanocables
brought about more effective and efficient active sites for elec-
trocatalysis. Moreover, the corresponding TOFs of the CNT@
NCNT electrode were 0.112 and 0.421 s7! for ORR and OER,
respectively, in consistent with those of the Co based electro-
catalysts!'®! reported previously. The TOFs of the CNT@NCNT
catalyst were higher than those of the NCNT catalyst in a wide
potential range both for ORR and OER (Figure S8). The sur-
face doped CNT@NCNT coaxial nanocables afforded effective

(b) oss-

and CNT@NCNT

dotted line) of the

0.80 1

—— NCNT
—— CNT@NCNT

0.754

Potential / V vs SCE

centrated in the outer shell. Therefore, the 0.2 0.4
active sites induced by the doping atoms are
more accessible for the reactants as well as
to improve the polarity and the hydrophily of

the carbon material and hence facilitate the NCNT in (a).
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Potential / V vs SCE

Figure 4. (a) OER currents of the CNT, NCNT, and CNT@NCNT catalysts in 0.1 mol L™' KOH
solution at a scan rate of 5.0 mV s7'. (b) Tafel plots of OER currents for NCNT and CNT@
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Table 2. The electrocatalysis performance on nanocarbon based electrocatalysts.

Sample c Jorr Joer TOF
(Sem™) (mA-pgNT)? (mA-pgN)? (s7)”
ORR OER
NCNT 1.0 0.44 1.49 0.085 0.368
CNT@NCNT 33 0.57 2.01 0.112 0.421

AThe potentials corresponding to the ORR current density and OER current density were —0.50 and 0.80 V vs SCE, respectively; ¥ The TOFs of the ORR were counted for
the 4-electron process and the TOFs of the OER were calculated based on the hypothesis that the reaction occurred in a 4-electron pathway.

exposure of ‘active sites’ at the surface and high conductive 3D
scaffold. The low electrical resistance of CNT@NCNT facilitates
the rapid charge transfer from the other NCNT layers into the
CNT scaffolds. Consequently, superior electrocatalytic activities
for both ORR and OER were available on the surface-exposed
‘active sites’, indicating that the novel CNT@NCNT nanocables
can be a promising oxygen electrode material for URFCs.

3. Conclusions

We have reported the CNT@NCNT coaxial nanocables as a typ-
ical nanocarbon electrocatalyst with surface enriched nitrogen
for superior oxygen reduction and evolution reactivity. The sur-
face N/C ratios of the CNT@NCNT coaxial nanocables were
easily modulated in the range from 0.0238 to 0.145 by changing
the epitaxial growth duration. The CNT@NCNT coaxial nano-
cables afforded high electrical conductivity of 3.3 S cm™, much
enhanced electrocatalytic activity towards ORR with ~51 mV
positively shifted onset potential, low peroxide generation,
and a preferential four-electron pathway. What's more, the
as-obtained CNT@NCNT coaxial nanocables also exhibited
superior electrocatalytic activity for OER with higher oxygen
evolution current in comparison with the routine bulk dope
NCNTs under the same conditions. The accessible and efficient
utilization of the integrated N atoms enriched on the surface,
combined with the intact undestroyed inner walls, rendered the
CNT@NCNT coaxial nanocables as a promising bifunctional
electrocatalyst for ORR and OER. Besides, the CNT@NCNT
coaxial nanocables were good platform towards full exposure
of ‘active sites‘ for robust interfaces for high performance com-
posites, as well as efficient catalysts and/or metal nanoparticle
supports for selective oxidation of alkane, biosensors, etc. Since
the surface hetero-junction nanostructures are not limited to
CNTs, we foresee a new branch of chemistry evolving in the
area of full exposure of active sites through the 3D hetero-
geneous systems.

4. Experimental Section

4.1. Synthesis of Nanocarbon Electrocatalyst with Surface
Enriched Nitrogen

The CNT@NCNT electrocatalysts were prepared with simple chemical
vapor deposition (CVD) of nitrogen containing pyrolytic carbon on the
surface of pure CNTs. The CNTs were mass produced on Fe catalysts
in the fluidized bed reactor and purified by high temperature annealing.
The catalyst was removed by routine acid treatment and high-vacuum

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

annealing for very high purity CNTs. 300 mg CNTs were distributed
uniformly on a quartz boat which was then placed at the center of a
horizontal quartz tube. The quartz tube reactor was then inserted into
a tube furnace which was heated to 760 °C at atmosphere pressure
under flowing Ar (200 mL min™"). The pyridine with a flow rate of
1.5 mL h™" was fed into the reactor using a syringe pump. The deposition
of doped carbon was maintained for an anticipated duration before the
furnace was cooled down to room temperature under Ar protection. The
conversion of pyridine into the wrinkled N-doped layers was estimated
to be ca. 10.1%. The as-obtained nitrogen doped CNT products were
denoted as CNT@NCNT coaxial nanocables.

4.2. Structural Characterizations

The morphology and structure of the as-produced CNT@NCNT coaxial
nanocables were characterized using a JSM 7401F scanning electron
microscope (SEM) operated at 3.0 kV and a JEM 2010 high-resolution
transmission electron microscope (HRTEM) operated at 120.0 kV. The
energy filtered transmission electron microscope (EFTEM) images
of the CNT@NCNT products were collected on a FEI Tecnai G2 F20
TEM equipped with Gatan Image Filter (GIF) to detect the distribution
of C, N, and O element in one CNT@NCNT coaxial nanocable. X-ray
photoelectron spectroscopy (XPS) operated by Escalab 250xi was
employed to determine the amount of nitrogen-containing functional
groups in the samples. Raman spectra were collected with He-Ne
laser excitation at 633 nm using Horiba Jobin Yvon LabRAM HR800
Raman spectrophotometer. The Brunauer—-Emmett-Teller (BET) SSA of
the samples were measured by N, adsorption/desorption at liquid-N,
temperature using Autosorb-1Q2-MP-C system. The elemental analysis
was performed on an Elemental Analyzer (Elementar Americas/Model:
Vario EL II1). The electrical conductivity of the NCNT and CNT@NCNT
was measured using the KDY-1 four-probe technique.

4.3. Electrocatalytic Performance Measurements

The as-synthesized CNT@NCNT samples, together with the pristine
CNTs and the conventional bulk doped NCNTs, were firstly dispersed
in ethanol (5.0 mg mL™") by sonication. 10 pL CNT or N-doped CNT
suspension was pipetted onto the glass carbon disk electrode surface,
which was polished mechanically with 0.05 pm alumina slurry and then
washed with deionized water and acetone to obtain a mirror-like clean
surface prior to use. After solvent evaporation for 10 min in air, a thin
layer of Nafion solution (1 wt%) was coated onto the electrode surface
and then dried in an oven at 60 °C for 30 min before measurement.

The electrochemical measurements were conducted on an RRDE
configuration (Pine Research Instrument, USA) in a three-electrode
electrochemical cell using a computer-controlled potentialstation (CHI
760D, CH Instrument, USA). A rotating ring disk electrode with a disk
diameter of 5 mm served as the substrate for the working electrode. A
saturated calomel electrode (SCE) and Pt foil electrode were used as the
reference and counter electrode, respectively. The OER activities of all
the samples were evaluated by the linear sweep voltammetry method
with a potential range scanned from 0.2 to 0.85 V versus SCE at the scan
rate of 5.0 mV s in Op-saturated 0.1 mol L™' KOH solution. During

Adv. Funct. Mater. 2014, 24, 5956-5961
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the tests, the disk electrode was rotating at a speed of 1600 rpm. The
oxygen reduction tests were carried out in O,-saturated 0.1 mol L™
KOH solution at room temperature. The disk electrode was scanned
cathodically at a rate of 5.0 mV s7! in the potential range of 0.2 to —0.8 V
versus SCE and the ring potential was set constant at +0.5 V versus SCE
to monitor the formation of peroxide intermediate. The electron transfer
number n and HO,™ intermediate production percentage (%HO,") were
calculated based on the disk and ring current as followed:

__ 4 1

N )
20014 /N

%HO,- = lg+1, /N (2)

where |y is disk current, |, is ring current and N is current collection
efficiency of the Pt ring which was determined to be 0.26.
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