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ABSTRACT: Bamboo structured nitrogen doped multiwalled
carbon nanotubes have been helically unzipped, and nitrogen
doped graphene oxide nanoribbons (CNx-GONRs) with a
multifaceted microstructure have been obtained. CNx-GONRs
have then been codoped with nitrogen and boron by
simultaneous thermal annealing in ammonia and boron oxide
atmospheres, respectively. The effects of the codoping time and
temperature on the concentration of the dopants and their
functional groups have been extensively investigated. X-ray
photoelectron spectroscopy results indicate that pyridinic and
BC3 are the main nitrogen and boron functional groups,
respectively, in the codoped samples. The oxygen reduction
reaction (ORR) properties of the samples have been measured
in an alkaline electrolyte and compared with the state-of-the-art Pt/C (20%) electrocatalyst. The results show that the nitrogen/
boron codoped graphene nanoribbons with helically unzipped structures (CNx/CBx-GNRs) can compete with the Pt/C (20%)
electrocatalyst in all of the key ORR properties: onset potential, exchange current density, four electron pathway selectivity,
kinetic current density, and stability. The development of such graphene nanoribbon-based electrocatalyst could be a harbinger of
precious metal-free carbon-based nanomaterials for ORR applications.
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■ INTRODUCTION

The oxygen reduction reaction (ORR) that occurs at the
cathode of the current state-of-the-art fuel cells and metal−air
batteries has recently become an important design parame-
ter.1−3 Thus far, platinum (Pt)-based materials are widely
considered to be the most practical electrocatalyst for ORR.
However, the sluggish reduction process, limited stability,
prohibitive cost, and the rarity of Pt have stimulated extensive
research for the development of more efficient, durable, and
inexpensive alternatives.4−6 Carbon nanomaterials have been
the main focus of research toward a replacement of precious-
metal systems.7,8

Graphene-based, metal-free electrocatalysts are at the
forefront of carbon nanomaterials research directed toward
alternatives to Pt catalysts. Reduced graphene was originally
reported as an efficient ORR catalyst that demonstrated fast
electron transfer kinetics and excellent electrocatalytic activity.9

Since then, numerous experimental efforts have been devoted
to enhance the ORR performance of metal-free graphene by
carrier injection or extraction, known as chemical doping.10−22

In this case, some of the carbon atoms in the sp2 network are

substituted by heteroatoms of approximately the same radius,
such as nitrogen,10−16 boron,17−19 sulfur,20,21 or phosphorus.22

A review of the experimental and theoretical literature on
electrocatalysts suggests that the presence of nitrogen func-
tional groups in the graphene structure is needed for high
electrocatalytic performance.5,6,16 In particular, a recent
synchrotron X-ray photoelectron spectroscopy (XPS) study
before and after ORR testing showed that the carbon atoms in
the nearby pyridinic nitrogen groups are much more active than
pyrrolic and quaternary nitrogen.16 It is also suggested that the
pyridinic species on the edges are more likely to be involved in
the catalytic process than basal plane pyridinics. In addition to
single-atom type doping of graphene, there are a few
experimental attempts that reported even higher ORR
performance when other heteroatoms such as sulfur or boron
supplement the nitrogen.18,19,21 This type of synergistic
structure may be synthesized via a simultaneous exposure of
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graphene to both dopants’ precursors,18,21 named “co-doped
graphene”, or a two-step doping process,19 named “tandem-
doped graphene”. Nevertheless, there remains an ongoing
debate in the literature on whether metal-free graphene can
indeed compete with Pt-based electrocatalysts in their key ORR
properties, namely, onset potential, exchange current density,
four electron pathway selectivity, kinetic current density and
stability.5

Graphene nanoribbons (GNRs) are narrow elongated strips
of graphene with ultrahigh aspect ratio and edge dependent
properties that have recently attracted much interest as an
excellent candidate to replace Pt catalysts, particularly if
obtained by unzipping of multiwalled carbon nanotubes
(MWCNTs). GNRs have a much higher edge-to-plane ratio

than the sheet-like graphene. According to several density
functional theory (DFT) calculations, the reactivity of edge-
abundant structures in GNRs may significantly enhance ORR
performance by decreasing the energy barriers of oxygen
adsorption and first electron transfer.5,16,18,19,21,23 Similar to
graphene, it is also suggested that incorporation of nitrogen
species into the nanoribbon’s structure, particularly pyridinic
species, would further enhance the reactivity of the edges. DFT
calculations showed that the neighbor carbon atoms of
pyridinic nitrogen have favored atomic charges that can induce
the ORR process through the absorption of the intermediate
products, the formation of CO bonds, and the disassociation
of OO bonds.5,16,19,21 Increasing the rate of the first electron
transfer and the preference for the four electron reduction

Figure 1. (a) Schematic illustration of a bamboo structured, nitrogen doped, multiwalled carbon nanotube (CNx-MWCNT, left) and nitrogen/
boron codoped graphene nanoribbon (CNx/CBx-GNR, right) depicting helically unzipped structure, (b) SEM image of several starting CNx-
MWCNTs (left) and a helically unzipped structure of CNx/CBx-GNR (right), and (c) HRTEM image of an individual CNx-MWCNT with bamboo
compartments (capped short carbon nanotubes, inset) that are sequentially located inside the main nanotube (left) and a helically unraveled
microstructure of the resultant graphene nanoribbon (right).
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pathway (rather than the two electron) are the main
mechanisms that improve two of the key ORR properties.5,23

Despite the unique electrocatalytic properties of edges, few
experiments have been conducted which exploit GNRs for
ORR applications.24−27 In an early attempt, Li et al.24 reported
an excellent ORR performance of a nitrogen doped, partially
unzipped, carbon nanotube/graphene mixture. Then, silver/
GNR composite25 and nitrogen doped GNRs26,27 have been
proposed as electrocatalysts for oxygen reduction. These GNR-
based catalysts, however, can only compete with Pt in a few of
the key ORR properties. For instance, none of them have an
onset potential as low as the current state-of-the-art Pt catalysts.
Therefore, developing GNR electrocatalysts with abundant
active sites (edges) that can compete with Pt in all ORR
properties is advantageous to replacement of precious metals by
inexpensive carbon-based nanomaterials.
Our group recently reported helical unzipping mechanisms

of the bamboo structured, nitrogen doped, multiwalled carbon
nanotubes (CNx-MWCNTs) via a chemical treatment to obtain
nitrogen doped graphene oxide nanoribbons (CNx-
GONRs).28−30 In this study, these CNx-GONRs with multi-
faceted structures are simultaneously exposed to ammonia
(NH3) gas and boron oxide (B2O3) vapor at different
temperatures and times. The resultant nitrogen/boron codoped
graphene nanoribbons (CNx/CBx-GNRs) are characterized and
examined as electrocatalysts for ORR in an alkaline electrolyte.
Our results show that the multifaceted structures of these
nanoribbons can significantly enhance the ORR performance
even more than longitudinal unzipped structures under the
same chemical and codoping treatments. The CNx/CBx-GNRs
with helical structures can also compete with the commercial
benchmark Pt/C (20%) electrocatalyst in almost all of the key
ORR properties.

■ RESULTS AND DISCUSSION
Longitudinal unzipping of open channel MWCNTs via
chemical oxidation has been extensively studied in the past
few years,31−34 however unzipping of bamboo structures in
CNx-MWCNTs remained a challenge.35,36 In our recent works,
we have shown helical unzipping of bamboo compartments in
CNx-MWCNTs using a chemical oxidation method.28−30 The
resultant product was CNx-GONRs with multifaceted structure.
Here, we used the same unzipping protocol (Supporting
Information, SI, Experiments) to generate these structures and
we apply them for electrocatalyst in ORRs. Figure 1 shows
schematics and high resolution electron microscopy images of
the starting CNx-MWCNTs (Figure 1a−c, left column) and the
final CNx/CBx-GNRs with a helically unzipped structure
(Figure 1a−c, right column). The average length and diameter
of CNx-MWCNTs were 50 μm and 30 nm, respectively. As
observed in many HRTEM micrographs (e.g., Figure 1c, left),
CNx-MWCNTs have numerous capped short carbon nano-
tubes inside the main tube, referred to as “bamboo”, a
characteristic that differentiates them from the usual open-
channel MWCNTs. Upon oxidation and unzipping, helical
cleavage around the main axis could be detected, which results
in a multifaceted structure along the edges of the nanoribbons
(Figure 1a−c, right column). The resultant 3D GNR structures
are generally few layers of graphene (Figure 1c right, light
gray), although the 2D HRTEM images look thicker in some
parts of the structure (Figure 1c right, dark gray). It was
frequently observed throughout the HRTEM imaging process
that once the entire body of the GNRs was exposed to the

electron beam, beam-induced movement in the GNRs results in
making some portions appear thicker (darker) than the other
portions. Nitrogen functional groups, structural defects, geo-
metrical complexity of bamboo compartments and the random
distribution of chirality of each concentric graphitic shell in
CNx-MWCNTs may be responsible for such complicated
unzipping. We have already proposed an unzipping mechanism
based on the intercalation of species between the graphitic walls
of the nanotube structure.28−30 Intercalation of hydrosulfate
anions and subsequent insertion of the oxidizing molecules
increase the pressure between the carbon nanotube walls, which
eventually results in helical unzipping of bamboo structures,
depending on the location that hydrosulfate anions attack the
short caps. The helically unzipped structures have many more
edges along the length of the nanoribbon than the
longitudinally unzipped open channel MWCNTs. These extra
edges provide additional active sites for the oxygen reduction in
the final electrocatalyst. The ideal condition would be to have
GNRs completely and tightly helically opened with fully
exfoliated morphologies so that all edges could contribute to
the electrocatalytic reactions.
In order to study the oxygen, nitrogen, and boron surface

functionalities after oxidation and codoping processes, all
samples were analyzed by XPS. Figure 2 shows the XPS survey

together with some of the important high resolution spectra (N
1s, C 1s, and B 1s) of the CNx-MWCNTs, CNx-GONRs, and
CNx/CBx-GNRs. It is evident from the N 1s deconvoluted
peaks of the CNx-MWCNTs (Figure 2, blue spectrum on the
bottom) that nitrogen incorporated into the hexagonal carbon
structure in four main configurations: pyridinic (398.8 eV),
pyrrolic (401.0 eV), quaternary (402.1 eV), and intercalated
nitrogen molecules and/or oxides (405.2 eV). After oxidation
(CNx-GONRs), the N 1s peak associated with the intercalated
nitrogen molecules and/or oxides trapped inside the nanotube
structure disappears (Figure 2, red spectrum at the middle).
This is an indication of successful opening of the bamboo

Figure 2. XPS survey of the original nitrogen doped carbon nanotubes
(CNx-MWCNTs, bottom, blue), nitrogen doped graphene oxide
nanoribbons (CNx-GONRs, middle, red) and nitrogen/boron
codoped graphene nanoribbons at 900 °C for 2 h (CNx/CBx-GNRs,
top, black). Insets are high resolution deconvoluted spectra of N 1s
(pyridinic 398.8 eV, pyrrolic 401.0 eV, quaternary 402.1 eV,
intercalated nitrogen molecules 405.2 eV), C 1s (CC 284.4−
284.8 ev, epoxy 286.7−287.0 eV, and carboxyl 288.8−289.1 eV) and B
1s (BC3 189.5−190.0 ev and BC2O 191.0−191.6 ev).
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structures, although there might still be some residual bamboo
MWCNTs with diameter of about 15 nm (Figure 1c, right). It
seems that the deconvoluted peak at 405.2 eV (Figure 2) is
mainly due to the formation of nitrogen species in the larger
diameter tubes (>20 nm), which became undetectable after
cutting the nanotube structure. These observations are in close
agreement with the previous report by Silva et al.36 In addition,
the deconvolution of C 1s peak of CNx-GONRs represents that
the oxygen functional species are predominantly in the form of
epoxy (CO, 286.7−287.0 eV) and carboxyl (OCOH,
288.8−289.1 eV) groups. Note that all spectra were calibrated
with a binding energy of 284.8 eV for CC bond. Upon
exposure of CNx-GONRs to ammonia (NH3) gas and boron
oxide (B2O3) vapor at 900 °C for 2 h (SI Experiments), a
significant amount of nitrogen and boron species were added
into the graphene nanoribbon structure (Figure 2, black
spectrum on the top). In this study, boric acid powder
(H3BO3) was used as the boron precursor. H3BO3 dehydrates
and decomposes to water steam and metaboric acid (HBO2) at
∼170 °C. Further heating above 300 °C will result in the
formation of more steam and a thermally stable compound,
boron oxide (B2O3), which is a white glassy solid with a melting
point of 450 °C and boiling point of 1860 °C. The N 1s
deconvoluted peaks of the CNx/CBx-GNRs indicate that
nitrogen is mainly contributed in the form of pyridinic and
pyrrolic functional groups, and only small amount of nitrogen is
quaternary. However, the B 1s peak shows that boron is mainly
in the form of BC3 groups (189.5−190.0 ev), while a slight
signal for BC2O groups (191.0−191.6 ev) could also be
detected. Theoretical calculations showed that BC3 is the most
stable and uniformly distributed compound of boron−carbon
2D structure with a semiconducting behavior.37

To further explore the effect of codoping conditions on the
concentration of nitrogen and boron, and their functionalities, a
series of experiments have been conducted at different
annealing times and temperatures with the results shown in
Figure 3. A comparison between Figure 3, parts a and b,
indicates that the effect of codoping time on nitrogen at% and
species is significantly different from the effect of temperature.
An increase in annealing time from 30 min to 4 h at 900 °C
increases the nitrogen at% and pyridinic concentration except

for a curious drop at 2 h annealing to the values equal to the
sample codoped for 30 min (Figure 3a). Note that the
concentration of other nitrogen functional groups (i.e., pyrrolic
and quarternary) remained almost constant versus codoping
time. Increasing codoping temperature from 500 to 1000 °C
continuously increases the nitrogen at% (Figure 3b); the
pyridinic concentration reaches a constant value at 900 °C and
then the pyrrolic and quarternary proportions start increasing at
higher temperature. We have previously shown a decrease of
nitrogen at% in a single-doped CNx-GNRs above 700 °C,
mainly due to the formation of N2 rather than nitrogen atoms,
and also more stable CC bonding than CN bonding at
higher temperatures.29 However, here GNRs are exposed
simultaneously to both nitrogen and boron doping sources.
This facilitates the formation of boron−carbon−nitrogen
(BCN) networks, in particular along the edges of graphene.
This might be responsible for such high levels of nitrogen
concentration at higher temperatures which is also previously
reported for nitrogen/boron codoped graphene sheets.18 The
effect of codoping time and temperature on boron at% and
functional groups are shown in Figure 3, parts c and d,
respectively. As discussed earlier about B 1s deconvoluted
spectra in Figure 2, boron functional groups in all CNx/CBx-
GNRs samples are mainly in the form of BC3 and BC2O.
Similar to the trend seen for nitrogen, an increase in codoping
time and temperature results in a significant increase in boron
at% and BC3 groups, except for the sample codoped at 900 °C
for 2 h. In the following sections, it will be shown that the CNx/
CBx-GNRs sample codoped at 900 °C for 2 h has the best ORR
performance. An optimum combination of the dopants’
concentration to form a uniform BCN network and sufficient
amounts of pyridinic and BC3 functional groups are presumably
the reasons for such outstanding performance. The effects of
single (nitrogen or boron) and two-step doping procedures on
the functionalities are also investigated and shown in SI Figure
S1. Unlike codoped GNRs, only very limited amount of
dopants have been incorporated into the single-doped GNRs
and two-step-doped GNRs, which results in lower ORR
performance.
The effects of oxidation/unzipping and nitrogen/boron

codoping on the crystalline structure and defects of the starting

Figure 3. Effect of codoping time (30 min to 4 h) and temperature (500 to 1000 °C) on nitrogen (a,b) and boron (c,d) at% and their functional
groups in CNx/CBx-GNRs samples.
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CNx-MWCNTs, CNx-GONRs, and CNx/CBx-GNRs are
studied using X-ray diffraction (XRD) patterns and Raman
spectra, as shown in Figure 4. A very sharp graphitic (002) peak
in XRD pattern of CNx-MWCNTs is evident at 26.24°
corresponding to a d-spacing of 3.4 Å (Figure 4a). Upon
oxidative intercalation of the bamboo structures and successful
helical unzipping, a very strong, but slightly broader (001) peak
in CNx-GONRs is observed at 9.78° which corresponds to a d-
spacing of 9.1 Å. Note, the graphitic (002) peak almost
disappeared. The presence of a sharp and strong (001) peak in
CNx-GONRs is an indication of a long-range, highly ordered
structure subjected to a c-axis expansion which preserves the
ordered stacking of constituent graphitic walls of the carbon
nanotubes.28,32,36 The increase in spacing from 3.4 Å in CNx-
MWCNTs to 9.1 Å in CNx-GONRs is probably due to the
insertion of oxygen atoms within the oxidized walls of carbon
nanotubes in addition to the existing sulfuric acid intercalated
molecules. The intensity of (001) peak, however, decreases
after codoping due to the reduction and possible restacking of
the intercalated layers (Figure 4a, CNx/CBx-GNRs). Note also
that the graphitic (002) peak after codoping is still very weak
and broad, representing the permanent formation of the GNRs
structure. Figure 4b also indicates the Raman spectra for the
same samples. A very strong D-band, comparable to G-band
(ID/IG = 0.79, AD/AG = 0.82), is observed for CNx-MWCNTs
owing to the incorporation of nitrogen species into the
nanotube structure. I and A represent the intensity and area of
each band, respectively. After oxidation/unzipping (CNx-
GONR), the G-band is slightly blue-shifted mainly due to the
incorporation of many oxygen groups and structural defects
into the basal plane, and more importantly into the edges of the
faceted structure. Nitrogen/boron codoping can further
increase the intensity of the D-band (ID/IG = 0.97, AD/AG =
1.04) as a result of the formation of BCN network (CNx/CBx-
GNRs). In addition, the 2D-band becomes weaker after
codoping, as compared with the parent CNx-MWCNTs.
Discerning the effect of doping on the intensity of the 2D-
bands in graphene (I2D) is still a challenge.

38

A comprehensive study of the ORR performance of the
samples as a function of the structural features and nitrogen/
boron codoping have been conducted in an alkaline electrolyte
for the possible applications in alkaline fuel cells. Figure 5
shows the cyclic voltammograms (CV) of the starting CNx-
MWCNTs, CNx-GONRs, and CNx/CBx-GNRs after 200

cycles in O2-saturated and Ar-saturated 0.1 M solution of
NaOH at a scanning rate of 100 mV/s. For comparison, CV of
the starting CNx-MWCNTs codoped by nitrogen and boron at
900 °C for 2 h is also shown, termed CNx/CBx-MWCNTs.
While all samples demonstrate a pure capacitive current
background in Ar-saturated electrolyte (dashed curves), an
obvious broad cathodic peak in O2-saturated electrolyte
associated with the oxygen reduction can be detected (solid
curves). In particular, CNx/CBx-GNRs codoped at 900 °C for 2
h has the largest cathodic peak potential (at −0.2 V) and
current density, representing an exceptional ORR catalytic
performance.
The electrocatalytic properties of the selected samples

together with the Pt/C (20%) sample are further explored
via linear sweep voltammetry (LSV) at a disk rotation speed of
900 rpm in O2-saturated 0.1 M solution of NaOH at a scanning
rate of 5 mV/s (Figure 6a). To compare the effect of helical
unzipping with longitudinal unzipping on the ORR perform-
ance, open channel undoped MWCNTs (from NTL, C-grade)
were also chemically oxidized/longitudinally unzipped and
nitrogen/boron codoped using the same protocol for the
preparation of CNx/CBx-GNRs (900 °C for 2 h). The final
sample is named CNx/CBx-Lon-GNRs in Figure 6a. The results

Figure 4. (a) XRD and (b) Raman spectra of the original bamboo structured nitrogen doped carbon nanotubes (CNx-MWCNTs), nitrogen doped
graphene oxide nanoribbons (CNx-GONRs) with helically unzipped structure and nitrogen/boron codoped graphene nanoribbons at 900 °C for 2 h
(CNx/CBx-GNRs).

Figure 5. CV of the original nitrogen doped carbon nanotubes (CNx-
MWCNTs), nitrogen/boron codoped carbon nanotubes at 900 °C for
2 h (CNx/CBx-MWCNTs), nitrogen doped graphene oxide nanorib-
bons (CNx-GONRs), and nitrogen/boron codoped graphene nano-
ribbons at 900 °C for 2 h (CNx/CBx-GNRs). Measurements were
done in O2-saturated (solid curves) and Ar-saturated (dashed curves)
0.1 M solution of NaOH at room temperature and a scanning rate of
100 mV/s.
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show the excellent ORR performance of the CNx/CBx-GNRs
sample compared to the parent CNx-MWCNTs and CNx-
GONRs due to the synergistic effects of nitrogen/boron
codoping and the active sites on the edges of the nanoribbons.
In particular, helically unzipped sample (CNx/CBx-GNRs) has
even larger exchange current density and lower onset potential
than the longitudinally unzipped structure (CNx/CBx-Lon-
GNRs) after similar chemical and annealing treatments. This is
mainly due to the faceted structure of GNRs and the increased
edges with helical unzipping, thereby providing further active
sites for oxygen reduction. An onset potential of −80 mV and a
current density of −3.75 mA/cm2 for this sample are two of the
key ORR properties that are almost equal to the Pt/C (20%)
sample (Figure 6b). The single-doped (CNx-GNRs, CBx-
GNRs) and two-step-doped (CNx/CBx-GNRs-Two Step)
samples show lower ORR performance than the codoped
samples (SI Figures S2 and S3). The effects of codoping time
and temperature on the ORR performance are also investigated
and shown in Figure 6, parts c and d, respectively. It is evident
that an increase in codoping time and temperature can improve
the performance up to an optimum point (2 h at 900 °C), and
beyond this point, the performance and codoping are inversely

related, as are performance and temperature. As it is shown in
Figure 3, the nitrogen and boron concentrations for this CNx/
CBx-GNRs sample are equal, each having 11 at%. A good ORR
performance for nitrogen/boron codoped graphene was also
reported previously by Wang et al.18 at the same dopants
concentrations, suggesting the formation of a uniform BCN
network. According to their DFT calculations, the substitution
of carbon in a graphene network by nitrogen and boron leads
to a smaller energy gap, and therefore higher conductivity and
ORR performance. However, overdoping by nitrogen and
boron (>12 at%) results in a significant increase in the energy
gap, lower electron transfer and poorer ORR performance. At
lower nitrogen and boron concentrations (<8 at%), dopants
distributed randomly with no possible BCN network or in small
BN clusters. Note that not all nitrogen and boron functional
groups can enhance the ORR performance. Several exper-
imental and theoretical works have reported that the carbon
atoms in the nearby pyridinic nitrogen groups, particularly on
the edges, are much more electrochemically active than pyrrolic
and quaternary nitrogen.5,6,16 It was also found that BC3 is the
most active boron group in graphene for ORR application.18,19

Figure 6. Linear sweep voltammetry (LSV) of (a) different carbon based electrocatalysts compared to Pt/C (20%), (b) onset potential calculations
for CNx/CBx-GNRs (red) and Pt/C (20%) (black) at 1× and 5× magnifications of their LSV curves, (c) the effect of nitrogen/boron codoping time
(30 min to 4 h) at 900 °C and (d) the effect of nitrogen/boron codoping temperature (500 to 1000 °C) for 2 h on their ORR performance. All ORR
measurements were done in O2-saturated 0.1 M solution of NaOH at electrode rotation speed of 900 rpm at room temperature and scanning rate of
5 mV/s.
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In order to calculate the electron transfer number and kinetic
current density, the other two key ORR properties, LSV
measurements were performed for some selected samples at
different disk rotation speeds from 225 to 1600 rpm in O2-
saturated 0.1 M solution of NaOH. For example, Figure 7a

shows the LSV curves at different rotation speeds for the CNx/
CBx-GNRs sample codoped at 900 °C for 2 h. There is a direct
relationship between the measured current density and the
electrode rotation speed. The higher the rotation speed, the
shorter the diffusion distance, and the larger the current
density. The LSV curves at different rotation speeds for the Pt/
C (20%) sample are also shown in SI Figure S4. The
Koutecky−Levich plots (Figure 7b for the CNx/CBx-GNRs and
SI Figure S5 for the Pt/C (20%)) were generated from the

polarization curves at different potentials according to the
following equation:

ω
= +

J J B
1 1 1

k
0.5

(1)

where J is the measured current density (mA/cm2), Jk is the
kinetic current density (mA/cm2), B is the reciprocal of the
slope, and ω is the angular electrode rotation speed (rad/s). An
excellent linearity of the plots and the nearly parallel fitted lines
at each potential are indications of the first-order reaction
kinetics and constant electron transfer number at different
potentials.26 The electron transfer number (n) can be
calculated from the slopes of the lines using the following
equation:

ν= −B nF D C0.2 1/6
O
2/3

O2 2 (2)

where F is the Faraday constant (96485 C/mol), ν is the
kinematic viscosity of the electrolyte (0.01 cm2/s),26 DO2

is the

diffusion coefficient of oxygen (2.2 × 10−5 cm2/s) and CO2
is

the concentration of oxygen in the bulk (1.38 × 10−6 mol/
cm3).39 Note that the constant 0.2 in eq 2 is adjusted as the
rotation speed in eq 1 is expressed in rpm. The results of the
calculations of electron transfer numbers and kinetic current
densities for the Pt/C (20%), CNx/CBx-GNRs codoped at 900
°C (for 30 min, 1 h, 2 h) and CNx/CBx-Lon-GNRs codoped at
900 °C for 2 h are shown in Figure 7c. It is evident that the
CNx/CBx-GNRs sample codoped at 900 °C for 2 h exhibits
predominantly four-electron transfer for ORR (n = 3.91), very
close to the Pt/C (20%) sample (n = 3.97). The CNx/CBx-
Lon-GNRs sample (n = 2.74) and the CNx/CBx-GNRs samples
codoped for 30 min (n = 2.31) and 1 h (n = 2.73), however,
have a combined two-electron and four-electron reduction
pathway, which is not efficient for the ORR applications. The
kinetic current densities (Jk) for the CNx/CBx-GNRs and the
CNx/CBx-Lon-GNRs samples codoped at 900 °C for 2 h are
not still as high as the Pt/C (20%) sample, although they are
among the highest values that have been reported for graphene-
based nanomaterials.16,19,26

One of the key ORR properties of the electrocatalysts is their
stability over time. Figure 8 represents the stability of the best
CNx/CBx-GNRs sample (codoped at 900 °C for 2 h)
compared with the Pt/C (20%) sample using a chronoampero-

Figure 7. (a) LSV curves of nitrogen/boron codoped graphene
nanoribbons at 900 °C for 2 h (CNx/CBx-GNRs) at different
electrode rotation speeds (225 to 1600 rpm), (b) Koutecky−Levich
plots of the same sample at different potentials obtained from LSV
curves and (c) the electron transfer number (n, left black axis) and the
kinetic limiting current density (Jk, right red axis) of CNx/CBx-GNRs
codoped at 900 °C for 30 min, 1 and 2 h compared to Pt/C (20%).
Lon-2 h stands for the CNx/CBx-Lon-GNRs sample codoped at 900
°C for 2 h where the original carbon nanotube was undoped and
longitudinally unzipped after oxidation. LSV measurements were done
in O2-saturated 0.1 M solution of NaOH at a scanning rate of 5 mV/s.

Figure 8. Chronoamperometry responses of the CNx/CBx-GNRs
codoped at 900 °C for 2 h compared to Pt/C (20%) at constant
potential −0.2 V in O2 saturated 0.1 M solution of NaOH. Both
samples were tested at the electrode rotation speed of 900 rpm at
room temperature. J is the instant current density, and J0 is the initial
current density (time = 0 s).
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metric measurement technique at a constant potential of −0.2
V after 6000 s. Evidently, the nitrogen/boron codoped
graphene nanoribbon developed in this research has a
substantially better stability of current density than the state-
of-the-art Pt/C (20%) catalyst. This great performance could
indeed be attributed to the stable uniformly distributed BCN
networks in the multifaceted structure of the graphene
nanoribbons.
In addition to the excellent ORR performance, the CNx/

CBx-GNRs in this work might have potential applications in
metal−air batteries as a bifunctional electrocatalyst, where good
oxygen evolution reaction (OER) properties are also required.
Therefore, the OER performance of the CNx/CBx-GNRs
samples together with the Pt/C (20%) sample after the first
cycle are evaluated via LSV method in the potential range from
0.0 to 0.87 V (vs Ag/AgCl) in 0.1 M solution of NaOH at
scanning rate of 5 mV/s. As shown in Figure 9, the OER

current density for the CNx/CBx-GNRs sample codoped at 900
°C for 2 h is 9 mA/cm2 at 0.87 V (vs. Ag/AgCl), which is
indeed one of the highest current densities that have ever been
reported for the graphene-based OER electrocatalysts.40−42 As
one of the most important considerations for applications in
metal−air batteries, however, the OER performance of the
CNx/CBx-GNRs sample after 50 cycles is very poor (SI Figure
S6). Incorporation of metal atoms into the GNR network,
“metal-doping”, or decoration of the GNR with some metallic
nanoparticles are the main strategies that we are currently
studying to improve the OER durability of the samples.

■ CONCLUSIONS
CNx-MWCNTs with bamboo structures have been successfully
unzipped using potassium permanganate and trifluoroacetic
acid. The resultant CNx-GONRs have a multifaceted structure
due to the helical unzipping mechanism of bamboo compart-
ments. From the N 1s XPS spectra, it can be realized that the
peak associated with the nitrogen intercalated molecules and/or
oxides trapped inside the nanotube disappeared after oxidation,
indicating successful opening of the structure. The results
showed that the CNx/CBx-GNRs codoped at 900 °C for 2 h
can compete with the Pt/C (20%) electrocatalyst in all of the
key ORR properties: onset potential, exchange current density,
four electron pathway selectivity, kinetic current density and
stability. This excellent ORR performance is mainly due to the
synergistic effects of nitrogen/boron codoping and multifaceted
structure of the graphene nanoribbons with helical unzipping

mechanism. In agreement with the previous studies on
graphene nanomaterials, pyridinic and BC3 functional groups
are the main active sites in the CNx/CBx-GNRs sample that can
particularly enhance the ORR performance. The CNx/CBx-
GNRs codoped at 900 °C for 2 h also showed an outstanding
current density for oxygen evolution reaction, although the
durability needs to be further improved. Due to the formation
of many nanoscale p−n junctions in the structure, CNx/CBx-
GNRs might have potential application as photocatalysts for
hydrogen generation in solar cells.
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