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a  b  s  t  r  a  c  t

In this  paper,  we demonstrate  that  oxygen-containing  carbon  nanoparticles  (O-CNPs)  obtained  from
diffusion  flame  display  notable  ORR electrocatalytic  activities  in  alkali  media.  The  O-CNPs  were  the  incom-
plete combustion  product  of hydrocarbon  fuels.  Electrochemical  results  showed  that  the  O-CNP  catalyst
prepared  from  n-hexane  could  display  very  positive  ORR peak  potential  of  -0.24  V vs. Ag/AgCl,  which  was
higher  than  the  reported  oxygen-containing  carbon  materials  and  common  carbon  black  of  below  -0.35  V.
Moreover,  the ORR peak  potential  was  varied  with the  unsaturation  degree  of the  hydrocarbon  fuels.  It
was  further  proposed  that  the  remarkable  ORR electrocatalyic  activities  of  the  O-CNPs  was attributed  to
semiquinone  groups  bonded  to the edge  of the  graphitic  carbon  layer.

© 2014  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

The oxygen reduction reaction (ORR) is a crucial process in fuel
cells and metal-air batteries.[1] Owing to the slow kinetics of ORR,
catalysts are required to increase the reaction rates and lower the
over-potentials at the cathode of these electrochemical devices. Pt-
based materials were the most commonly used and regarded as the
most effective catalysts for ORR.[2] However, the high-cost, poor
durability, together with sensitivity to fuel crossover effects from
the anode largely hindered the commercialization of fuel cells.

Recently, a series of non-Pt catalysts, including non-precious
metal and metal-free carbon-based catalysts, were developed as
alternatives for ORR catalysts in a variety of fuel cells, as reviewed
in references.[3,4] Among these, the metal-free carbon-based cata-
lysts attracted specific attention due to their excellent ORR catalytic
activities, low-cost, promising durability and selectivity, resistance
to the fuel e.g. methanol crossover effect. These catalysts were
commonly based on heteroatom-doped carbon materials with het-
eroatoms of N,[5–7] S,[8,9] P,[10,11] and B.[12] Extensive studies
revealed that the incorporation of such heteroatoms changed the
spin density and atomic charge distribution of carbon atoms in
the graphitic layers, thus facilitated the catalytic activity towards
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ORR.[13] However, besides of the heteroatoms, the effects of O atom
which existed in these catalysts were rarely discussed.[6,10,14–17]

It was reported by Yeager and Applebey et al. that carbon mate-
rials only containing O atom showed low electrocatalytic activity,
and usually served as the control when discussing the effect of het-
eroatoms on the electrocatalytic performance.[18,19] Later, Gong
et al. [20] examined the catalytic activity of carbon nanotubes
with oxygen-containing surface functionalities in neutral condi-
tion, whose reduction peak potentials were about -0.48 V (vs.
Ag/AgCl). The relatively poor activities of carboxylic acid (-COOH)
edge-selectively functionalized graphene was  also reported. [21]
However, it was  not sufficient to conclude that the effects of O atom
on the ORR electrocatalytic activity of the carbon material could
be neglected since the states of oxygen, e.g. carboxylic, carbonyl,
ester or quinone groups, were varied with carbon structure and
preparing condition. Meanwhile, it had been reported that oxygen
groups showed synergetic effect to the high electrocatalytic activ-
ity in the N-doped carbon catalysts.[17] So, understanding the real
performance and catalytic mechanism of oxygen containing group
in carbon would be necessary and of great significance.

In this study, we report that oxygen-containing carbon nanopar-
ticles (denoted O-CNPs) show remarkable ORR electrocatalytic
activities in alkali media. The O-CNPs are the incomplete combus-
tion products of hydrocarbon fuels, which are synthesized by the
simple combustion of hydrocarbons through a diffusion flame in
air. Our study shows that the semiquinone groups bonded to the
edge of the graphitic carbon layer in the O-CNPs play an important
role in the process of oxygen reduction.
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2. Experiments

2.1. Preparation of O-CNPs

O-CNP samples were produced by burning benzene, n-hexane,
cyclohexene or cyclohexane (all purchased from Sigma-Aldrich) in
air. The liquid fuel was  stored in a bottled fuel reservoir with a
cotton wick extending into the reservoir. O-CNPs were collected on
aluminum foil suspended over the diffusion flame. When the fuel
in the reservoir was changed, the cotton wick was  also replaced by
a new one. The benchmark commercial available Pt/C (20% mass Pt
supported on Vulcan XC-72R carbon black) catalyst was  purchased
from Alfa Aesar. All chemicals were used as received without any
further purification.

2.2. Electrode preparation

A glass carbon (GC) electrode with diameter ∅ = 3 mm was used
to measure the initial electrocatalytic performances of the ORR
catalysts produced in this study. The GC electrode pretreatment
protocol is as follows: prior to use, the GC disk electrode was first
mechanically polished with 1 �m and then 0.05 �m alumina pow-
der using an abrasive paper (to obtain mirror-like surfaces), then
washed with both ethanol and deionized water (sonicated for 5 min
in each), and finally dried in desiccators (relative humidity RH = 0%).
Catalysts (1 mg)  were dispersed in a solvent mixture containing
25 �L of Nafion dispersion (supplied as a 5% mass dispersion in
aliphatic alcohol/water mixture) and 250 �L of de-ionized water
using sonication. Immediately after dispersion, 5 �L of this cata-
lyst slurry was then pipetted onto the GC electrode surface for the
cyclic voltammetry experiments. The electrodes were dried at room
temperature before being used for electrochemical testing. For the
preparation of rotating disc electrode (RDE, ∅ = 5 mm)  and rotating
ring disk electrode (RRDE, disk ∅ = 5.61 mm,  ring inner ∅ = 6.25 mm,
and ring outer ∅ = 7.92 mm,  collection efficiency was 40%), 15 �L of
the catalyst slurry was used.

2.3. Electrochemical Testing

For cyclic voltammetry, a potentiostat (CHI 660D) equipped
with three-electrode system was used to conduct the tests. Ag/AgCl
(25 ◦C, saturated KCl internal solution) reference electrodes and
a Pt wire counter electrode (area ca. 200% of the working elec-
trode disk area) were used for all experiments. The RDE and
RRDE tests were conducted using a bi-potentiostat (CHI 760D)
equipped with a speed controller (AFMSRCE, Pine Instrument Co.,
USA) and with the ring potential set at +0.5 V vs. Ag/AgCl. The cur-
rent density was normalised using the geometric areas of the GC
electrode being used. At least three repeated measurements were
conducted for each result. All the tests were conducted in 0.1 M KOH
at 25 ◦C.

2.4. Characterization

The morphologies of the catalysts were characterized by using
scanning electron microscopes (a S-4800 SEM from Hitachi and
a Vega3 SEM from Tescan) and transmission electron microscope
(JEM-2010). The Raman spectra were recorded on a LabRAM Aramis
(Horiba Jobin Yvon S.A.S) with a 633 nm wavelength laser. Infrared
spectra (IR) were recorded with a Bruker Tensor 27 using the atten-
uated total reflectance (ATR) attachment. The flame temperatures
of different hydrocarbons were detected by using a TES 1310 ther-
mometer. The X-ray photoelectron-spectroscopy analyses were
conducted on a Thermo ESCaLAB 250 (with Al-K˛ source).

2.5. Calculation of electron transfer number

The electron transfer number (n) of the ORR  was calculated by
two methods as follows:

(a) Based on the RDE tests according to the Koutecký-Levich
equations (1)-(2):

j−1 = jK
−1 + (Bω

1⁄2)
−1

(1)

B = 0.62nFCD
2⁄3�−1⁄6 (2)

where j is the measured current density (A cm−2 normalized to
geometric electrode areas), jk is the kinetic current density, � is
the angular velocity of the disk (rad s−1), n is the overall electron
transfer numbers for oxygen reduction, F is the Faraday constant
(F = 96,485 C mol−1), C is the bulk concentration of O2, D is the coef-
ficient of O2, and � is the kinematic viscosity of the electrolyte.
We  used the values C = 1.2 × 10−6 mol  cm−3, D = 1.9 × 10−5 cm2 s−1,
� = 0.01 cm2 s−1 (0.1 mol  dm−3 aqueous KOH) for the calculation.

(b) Based on the RRDE tests according to the equation according
to previous reports [22]:

n = 4 × Id
Id + IT /N

Where Id is the disk current, Ir is the ring current. N refers to the
collection efficiency of Pt ring, and here the value 0.4 is adopted.

3. Results and Discussion

3.1. Preparation and characterization of O-CNPs

n-Hexane was  firstly chosen as the hydrocarbon precursor for
the synthesis of the O-CNPs (denoted O-CNPs-n-hexane). As shown
in Fig. 1A, the O-CNPs were collected over a n-hexane flame.
Morphological characterization by scanning electron microscope
(SEM) (Fig. 1B) showed that the O-CNPs were chain-like agglom-
erates of primary particles. High resolution transmission electron
microscopy (TEM) (Fig. 1 C) and Raman spectroscopy (Figure S1D)
revealed that the O-CNPs consisted of perturbed graphitic layers,
disordered carbon, and amorphous carbon, which was consistent
to the observations reported in a previous study.[23] Raman spec-
tra in Figure S1D showed that the ratio of intensity of the G band
and D band (IG/ID) for the O-CNPs-n-hexane was about 0.758.

The element analyses were conducted by using X-ray
photoelectron-spectroscopy. As shown in Fig. 2A, the O-CNPs-n-
hexane contained the elements of C and O and with O content of
8.31%. Although the O-CNPs were synthesized by diffusion flame
in air, the XPS spectra did not show any N1s peaks, which indi-
cated the absence of surface bound N (Fig. 2B gives the absence
of N1s fine spectrum). The C1s fine spectrum could be decon-
volved into three peaks at 284.6, 286.4, and 288.6 eV, which were
assigned to C = C, C-O, and C = O groups respectively (Fig. 2 C). The
high resolution O1s spectrum could likewise be divided into two
peaks at 531.8 and 533.1 eV, which were assigned to C = O and C-O
groups, respectively (Fig. 2D).[24] The ATR-IR spectrum of the O-
CNPs-n-hexane is presented in Fig. 3D (along with the spectrum of
O-CNPs synthesized using different precursors–see later) and the
assigned primary peaks are summarized in Table S1. The wide peak
at 3300 cm−1 relates to–OH. The peak at 1731 cm−1 was assigned
to the C = O stretching vibration and the 1550 cm−1 band to the
stretching vibration of C = C in the polyaromatic ring (graphitic
layer). The strong peak at 1025 cm−1 was is the C-O stretching
vibration.
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