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Abstract
Carbon nanofibers (CNFs) with controlled microstructures, i.e. platelet CNF (p-CNF), fish-bone CNF (f-CNF) and tube CNF (t-CNF), are

synthesized, and their behaviors in electrocatalytic oxygen reduction reaction (ORR) in acid media are investigated in this paper. The physico-

chemical properties of the CNFs are characterized by high resolution transmission electron microscope (HRTEM), N2 adsorption–desorption and

Raman spectrum. Cyclic voltammetry experiments show that the CNFs have higher ORR activities than graphite. The p-CNF, which has the

highest ratio of edge atoms to basal atoms, demonstrates the most positive ORR onset potential and ORR peak potential. The f-CNF, which has the

largest amounts of ORR active sites, exhibits the highest ORR peak current. The t-CNF demonstrates the most negative ORR onset potential,

negative ORR peak potential, and the least ORR peak current, which is a result of the fewest catalytic active sites. Furthermore, the microstructures

of CNFs can impact the reaction process. The ORR on p-CNF or f-CNF is controlled by diffusion, while the ORR on t-CNF is jointly controlled by

surface reaction and diffusion.
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1. Introduction

The oxygen reduction reaction (ORR) is involved in a number

of electrochemical processes, such as metal corrosion, water

electrolysis, and energy conversion/storage [1–3], and has been a

research focus in recent decades when alternative resource

utilization and energy conversion efficiency are of primary

concern [2–5]. The ORR on carbon-based electrodes has been

extensively studied, and different types of carbon materials, e.g.

activated carbon (AC) [6], highly oriented pyrolytic graphite

(HOPG) [7], glassy carbon (GC) [8], boron-doped diamond

(BDD) [9], reticulated vitreous carbon (RVC) [10] and carbon

nanotubes (CNTs) [11], are of wide research interest.

It is evident that the microstructures of carbon materials

have significant influences on the ORR properties. Bennett et al.
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investigated the ORR on BDD electrode [12,13], and indicated

that the sp2 carbon impurities on BDD had obvious influences

on the electrode reaction kinetics. Similarly, Yano et al. [9]

found that the ORR on BDD was slightly inhibited when the

catalytic functional groups on the electrode surface were

deactivated by pretreatment. Ozaki et al. studied the ORR

activity on the carbons prepared from ferrocene and poly

(furfuryl alcohol) [14], and revealed that the carbons containing

shell-like structures showed larger ORR activities than the

carbons without shell-like structures.

The ORR on carbon materials was investigated both in

alkaline and acid solution. In alkaline solution, most of carbon

materials are active catalysts for oxygen reduction. Yang and

McCreery [15] investigated the oxygen reduction on GC

electrodes, and found that reduction of oxygen to superoxide on

the GC surface covered with a covalently bonded methylphenyl

monolayer was reversible above pH 10. The results also

revealed that the ORR peak potential became more negative

when the pH value decreased. However, in acid media, the ORR
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kinetics is slower than that on alkaline solution, and some

researchers found that the ORR of carbon materials may be

independent of pH value. For example, Sabirov and Tarasevich

[6] showed that the ORR on pyrolytic graphite (PG) electrodes

was independent of pH in the range from 1 to 4. Taylor and

Humffray also found that the ORR on GC electrodes was

independent of pH [16].

Carbon nanofibers (CNFs) have been intensively studied as

catalyst materials during the last two decades for the possibility

of tailoring their microstructures, such as the diameter, the

graphite plane angle to the fiber axis, the ratio of edge atoms to

basal atoms, etc., with certain preparation procedures [17–20].

Generally, CNFs can be divided into platelet CNF (p-CNF),

tubular CNF (t-CNF) and fish-bone CNF (f-CNF) according to

the different arrangement of graphene layers. The graphene

layers of p-CNF are vertically to the fiber axis, and the exposed

surfaces are mainly occupied by edge atoms, while the

graphene layers of t-CNF are parallel to the fiber axis and many

basal atoms are exposed. The graphene layers of f-CNF are

inclining to the fiber axis, and the ratio of edge atoms to basal

atoms can be adjusted by controlling the angle of graphene

layers to the fiber axis.

Recently, CNFs are used as support for noble metal catalysts

to improve the ORR activity. Bessel et al. [20] employed Pt/

CNFs and Pt/(Vulcan XC-72) as the electrocatalysts for direct

methanol fuel cell (DMFC), and found that the p-CNF and t-

CNF were superior to f-CNF or Vulcan XC-72 in terms of ORR

activity. They also showed that 5 wt% Pt supported on p-CNF

or t-CNF would be as active as 25 wt% Pt supported on f-CNF

or XC-72. Similarly, we found that Pd/p-CNF had a higher

ORR activity than Pd/f-CNF or Pd/AC in a recent paper [21].

However, Ismagilov et al. [22] reported that the performance of

electrocatalysts with CNFs as support was inferior to those with

Vulcan XC-72 and amorphous supermicroporous carbons

(ASC) as supports. These inconsistent results are most probably

caused by the differences in CNFs properties, especially the

lattice and surface structures of CNFs.

Since the inconsistent results were reported by different

researchers, it is of importance to learn the microstructures

effect of CNFs on the ORR performance. However, few results

can be found from the literature dealing with this topic. In this

study, CNFs with different microstructures were synthesized

and characterized, and their ORR properties, i.e. ORR onset

potential, ORR peak potential and peak current and reaction

process, were investigated by cyclic voltammetry to provide

more insight on the microstructures effect of the CNFs on the

ORR.

2. Experimental

2.1. Catalyst preparation

CNFs with different microstructures, i.e. p-CNF, f-CNF and

t-CNF, were synthesized by decomposition of CO on different

catalysts, i.e. iron powder, Ni3Fe2/g-Al2O3 and Ni/g-Al2O3, in

a fixed-bed quartz reactor by catalytic chemical vapor

deposition (CCVD). For example, for p-CNF, one gram of
the catalyst precursor containing Fe was placed in a horizontal

quartz tube reactor of 40 mm i.d. and 500 mm length, and was

then reduced in a flow of H2 (40 ml/min) and Ar (120 ml/min)

at 600 8C for 3 h. At the same temperature, CNFs started to

grow when the gas flow was changed to a mixture of CO (40 ml/

min) and H2 (20 ml/min) and about 10 g CNFs were obtained in

16 h. The details of the synthesis procedure were also described

in reference [19].

2.2. Preparation and modification of electrode

CNF or graphite powder was dispersed ultrasonically in a

0.5 wt% Nafion solution to obtain a homogenous black

suspension with a concentration of 5 mg/ml. A 10 ml solution

was pipetted onto the surface of a 3 mm diameter GC electrode.

Before surface modification, the GC electrode was polished

with 0.3 mm and 0.05 mm alumina slurries, washed by acetone,

ethanol and water, and then subjected to ultrasonic agitation for

5 min in ultrapure water and dried in nitrogen flow. The surface

modified electrode was dried at room temperature and in

ambient air for 1 h and was washed with ultrapure water before

use.

2.3. Purification of the as-grown CNFs

The metal impurities in the as-grown CNFs were removed

electrochemically which was conducted by cyclic voltammetric

scanning in 0.5 M HClO4 electrolyte. The scan rate is

10 mV s�1, and the scan range is from 0.60 V to 0.00 V vs.

a saturated calomel electrode (SCE). The metal impurities in

the as-grown CNFs were removed by the combination impact

of potential scanning and acidic electrolyte. No metal oxidation

or reduction current was found after electrochemical treatment,

indicating that the metal impurities on the as-grown CNFs were

removed effectively.

2.4. Catalyst characterization

The morphologies of the CNFs were characterized by high

resolution transmission electron microscope (HRTEM, JEOL

JEM 2010), and their textural properties were obtained from N2

adsorption–desorption isotherms (ASAP 2010, Micromeritics,

USA) at �196 8C. Specific surface areas were calculated with

the Brunauer–Emmett–Teller equation, and the pore volumes

and the pore size distributions were calculated with the Barrett–

Joyner–Halenda method. Raman spectra was taken under

ambient conditions using a Renishaw inVia + Reflex Raman

spectrometer with an Ar-ion laser beam at an exciting radiation

wavelength of 514.5 nm.

Electrochemical measurements were performed with an

Autolab Potentiostat 30 electrochemical workstation (Eco

Chemie B.V., The Netherlands) in a 0.5 M HClO4 solution. The

working electrode was GC that coated with CNF or graphite

composite films. A platinum clump was used as a counter

electrode, and a SCE was used as a reference electrode for all

electrochemical measurements. All the potentials were

reported versus the SCE reference electrode.
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3. Results and discussion

3.1. Physico-chemical properties of CNFs

3.1.1. Morphology of CNFs

HRTEM micrographs of isolated CNFs are displayed in

Fig. 1, which reveals that the graphene layers of CNFs are

ordered with different angle to the fiber axis. The graphene

layers of p-CNF are vertical to the fiber axis, while the graphene

layers of f-CNF are about 308 inclining to the fiber axis and the

graphene layers of t-CNF are parallel to the fiber axis. The

diameters are also different, which is about 100 nm for p-CNF,

obviously larger than that of f-CNF (about 50 nm) and t-CNF

(about 30 nm).

3.1.2. Textural properties

Listed in Table 1 are the textural properties of CNFs. The

textural properties of commercially available graphite, which

was selected as a reference in this paper, are also presented in

this table. The specific surface areas of CNFs are in the range of

86.6–204.7 m2/g, which are obviously larger than that of

graphite. The specific surface area of p-CNF is larger than that

of f-CNF and t-CNF because the graphene layers of p-CNF are
Fig. 1. HRTEM images of CNFs with different micro
vertical to the fiber axis and some rough surfaces are formed

[23].

Typical isotherms of N2 adsorption–desorption of CNFs and

graphite at cryogenic temperature are shown in Fig. 2, which

appear principally as type IV, according the IUPAC classifica-

tion and are very similar to those reported [24,25]. Hysteresis

loops of H3 loop are marked on the isotherms for CNFs in

Fig. 2, indicating the existence of a large amount of mesopores

with a slit shape. These mesopores are mainly the interstices

between entangled CNF filaments [20,21]. Table 1 and Fig. 2

also show that the micropores are very small and can be

neglected, and the mesopores are the dominant pore structure

for all CNFs. The mesopores can promote the diffusion, and this

is a CNF’s distinctive advantage for their application in

electrocatalysis because the mass transportation is expedited.

3.1.3. Crystalline structures of CNF

Shown in Fig. 3 are the Raman spectra and their

deconvolutions of p-CNF, f-CNF and t-CNF, which indicate

the differences of CNF samples in crystalline structures. It is

well known that the band near 1585 cm�1, which is the

predicted E2gC C stretching vibrations and usually referred to

the G-mode, is related to the basal atoms on CNFs. The band
structures: (a) p-CNF, (b) f-CNF and (c) t-CNF.



Table 1

Properties of CNFs and graphite

Sample Specific surface area (m2/g) Pore volume (cm3/g) Micropore volume (cm3/g) Diameter (nm) Angle (8)

p-CNF 204.7 0.35 0.01 �100 90

f-CNF 86.6 0.30 0.00 �60 30

t-CNF 131.5 0.43 0.00 �30 0

Graphite 4.35 0.01 0.00 – –
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1345 cm�1, the D-mode, is highly sensitive to graphitic defects

within the graphene layers, and it is associated with the edge

atoms on CNFs. Although the nature and origin of disorder are

quite controversial in the literatures [25–27], it is established

that integrated intensity ratio of 1345 cm�1/1585 cm�1 (ID/IG)

is, to some content, reflected the ratio of edge atoms to basal

atoms [28,29]. The graphene planes of p-CNF are vertically to

the fiber axis, and the exposed surface of p-CNF is mainly

occupied by edge atoms, which can be attributed to the highest

ID/IG value of p-CNF in the three CNF samples. The ID/IG value

of f-CNF is smaller than that of p-CNF because the inclined

graphene planes of f-CNF decrease the exposed density of edge

atoms. The t-CNF exhibits the least value of ID/IG for the reason

that the exposed surface is mainly occupied by basal atoms.

3.2. Effect of CNF microstructures on ORR properties

3.2.1. ORR onset reduction potential

As p-CNF, f-CNF and t-CNF have different morphologies,

textural properties and crystalline structures, they may show

different catalytic properties. To investigate the effect of CNF

microstructures on ORR properties, cyclic voltammetric

experiments were conducted. The electrolyte was first bubbled

with nitrogen for 30 min to purge the oxygen, and the current–

potential curve was recorded in the presence of nitrogen. Then

the electrolyte was saturated with oxygen and the current–

potential curve was also recorded. Fig. 4 depicts the ORR onset

potentials of different carbon materials. Curve 1 and Curve 2 in

Fig. 4 are the current–potential curves of the electrolyte

saturated by nitrogen and oxygen, respectively. An evident

reduction current appears in 0.28 V for p-CNF, while the ORR
Fig. 2. N2 adsorption–desorption curves of the CNFs and graphite.
onset potentials of f-CNF and t-CNF are 0.15 V and 0.10 V,

respectively. The reduction current increases when the potential

decreases for the three CNF electrodes, suggesting that the

reaction is in kinetic control region. Whereas for the graphite

electrode, these two curves coincide with each other (Fig. 4d),

implying the ORR onset potential of graphite is more negative

than 0.00 V.

Although the opinions on the ORR activity differences of

carbon materials are conflicted in the literatures [30–32], their

roots focalize on the microstructures of the carbon materials.

Ajayan and co-workers [11] studied the ORR activities of CNT

and graphite, and concluded that the CNT’s activity higher than

graphite was because of CNT contained some graphitic defects,

e.g. pentagons derived defects at the CNT tips, and pentagon

and heptagon derived defects in the graphitic lattice. Compared

with graphite, CNF exposes more edge atoms. Those edge

atoms contain a large number of ruptured chemical bonds,

which possess a higher electron density than the p bonds on

basal atoms and have a higher ability of releasing electrons. As

a result, CNFs have higher ORR activities than graphite. The

different ORR activities of CNFs are still caused by the

differences in the ratio of edge atoms to basal atoms. The p-

CNF has the highest ratio of edge atoms to basal atoms and

shows the most positive ORR onset potential in the tested

samples, while the ORR onset potential of t-CNF is the most

negative because t-CNF has a lowest ratio of edge atoms to

basal atoms among the three CNFs.

3.2.2. ORR peak potential and current

The differences in CNF microstructures not only influences

ORR onset reduction potential, but also affects the ORR peak

potential and peak current. Fig. 5 shows the cyclic voltammetric

profiles of different electrodes at the scan rate of 10 mV/s,

25 mV/s, 50 mV/s, 75 mV/s, 100 mV/s and the scan range of

0.60 V to�0.60 V. The peak potentials and currents of different

electrodes at the scan rate of 100 mV/s were also listed in

Table 2.

The appearance of ORR peak is resulted from the deficiency

of the reactant on the electrode surface. When the process is

controlled by diffusion, the current will not increase further

because of the shortage of the reactant on the electrode surface.

The ORR peak potential of p-CNF at scan rate of 100 mV/s is

�0.25 V, more positive than that of f-CNF (�0.27 V), t-CNF

(�0.38 V) and graphite (�0.48 V). As proposed by Yeager

[30], the reduction of oxygen in aqueous solution generally

proceeds by either of two pathways. One is a direct four-

electron pathway through which the molecular oxygen is



Fig. 3. Raman spectra and their deconvolutions of (a) p-CNF, (b) f-CNF and (c) t-CNF.
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directly reduced to H2O. The other is a peroxide pathway

through which the molecular oxygen is firstly reduced to H2O2

and then to H2O. For the carbon electrode, the mechanism of

this reaction at different conditions has been extensively studied
Fig. 4. Cyclic voltammetric analysis in 0.5 M HClO4 solution saturated by nitrogen (

(d) graphite.
and it is generally accepted that in acidic and alkaline media

oxygen reduction on carbon-based electrodes was a two-

electron process [32–36]. Oxygen undergoes a 2e� reduction,

and peroxide can be formed as an intermediate according to
1) and oxygen (2) at scan rate of 10 mV/s of (a) p-CNF, (b) f-CNF, (c) t-CNF and



Fig. 5. Cyclic voltammetric analysis of oxygen reduction at different electrodes with different scan rates in oxygen saturated 0.5 M HClO4 solution. The scan rates are

10 mV/s, 25 mV/s, 50 mV/s, 75 mV/s, and 100 mV/s from inside to outside, respectively. (a) p-CNF; (b) f-CNF; (c) t-CNF; (d) graphite.
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Reaction (1).

O2þ 2e� þ 2Hþ ! H2O2 (1)

H2O2þ 2e� þ 2Hþ ! 2H2O (2)

Yang and McCreery [15] reported that the ORR peak of

polished GC was at about�0.50 Vat the scan rate of 100 mV/s

at the pH value of 0, and this position is very close to the ORR

peak potential of graphite (�0.48 V). Similarly, Chevalet et al.

[37] reported an ORR peak potential of �0.49 V vs. Ag/AgCl

for a 2e� oxygen reduction process on a quinoline-modified

mercury electrode.

To determine whether H2O2 was generated from the oxygen

reduction, a small amount of KI-amylum solution was added to

the fresh N2 saturated electrolyte, the O2 saturated electrolytes

before and after electrolysis, respectively. The color of the

electrolytes after electrolysis became blue in about 3 min, while

the color of fresh N2 saturated electrolyte and O2 saturated

electrolyte before electrolysis remained colorless within

30 min. These phenomena indicate the presence of H2O2 on

the electrolyte after ORR, which was generated from the
Table 2

ORR peak potential and current of different CNF electrodes at the scan rate of

100 mV/s

Sample Peak potential (V) Peak current (mA)

p-CNF �0.25 �0.064

f-CNF �0.27 �0.128

t-CNF �0.38 �0.048

Graphite �0.48 �0.038
oxygen reduction. These results confirm that the ORR on the

CNFs and graphite electrodes is a 2e� process.

Since oxygen concentration is unchanged for all experi-

ments, the ORR peak potential should be determined by the

relative rate of diffusion and surface reaction when the scan rate

remains the same. The surface reaction is associated with the

activity of electrodes, while the diffusion is controlled by the

textural properties of electrodes. Diffusion in mesopores is

faster than in micropores, and the ORR peak potential for

graphite would be more positive than CNFs if their intrinsic

activities were the same. Obviously, graphite is much less

active than CNFs because ORR peak potential of graphite is

more negative than those of CNFs. The p-CNF has a mesopore

volume relatively higher than f-CNF (Table 1), and the ORR

peak potential of f-CNF would be more positive than that of p-

CNF if these two catalysts had similar intrinsic activities. Since

the ORR peak potential of p-CNF is more positive than that of f-

CNF, one can believe that p-CNF has an ORR activity higher

than f-CNF.

The ORR peak current is determined by the density of

active sites of the catalyst. Graphite has the lowest density of

active sites and therefore has the lowest ORR peak current.

While the f-CNF has a ORR peak current of about �0.128 mA

and is higher than that of p-CNF (�0.064 mA) and t-CNF

(�0.048 mA), which can be explained by the smaller diameter

of f-CNF than that of p-CNF and the higher ratio of edge atoms

than that of t-CNF. Compared to f-CNF, p-CNF has more edge

atoms, but the active site density (on weight basis) is smaller. As

for the t-CNF, its active site density is the smallest among the

three CNFs because its surface is mainly occupied by basal

atoms.



Fig. 6. The plot of the catalytic ORR peak currents as a function of the square root of scan rates (scan rates are 10 mV/s, 25 mV/s, 50 mV/s, 75 mV/s, 100 mV/s) at (a)

p-CNF, (b) f-CNF, (c) t-CNF and (d) graphite.
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3.2.3. Reaction process

As discussed previously, the microstructures of CNFs have

significant influences on the ORR activity, ORR peak potential

and peak current. They will also have influences on the

behaviors of ORR process. Fig. 6 shows the ORR peak currents

as a function of the square root of the scan rates of p-CNF, f-

CNF, t-CNF and graphite, respectively. The lines in Fig. 6a, b

and d pass through the origin of the coordinate axes, while the

line in Fig. 6c does not, which indicates that the ORR process

on p-CNF, f-CNF and graphite is diffusion-controlled, while the

ORR process on t-CNF is jointly controlled by surface reaction

and diffusion. This is because the ORR activity is high for p-

CNF and f-CNF, while it is relative low for t-CNF. As for

graphite, although it has the lowest ORR activity, the ORR

process is still controlled by diffusion because of its small

surface area and mesopore volume.

4. Conclusion

In this paper, three different CNFs, i.e. p-CNF, f-CNF and t-

CNF, were used as ORR catalysts, and cyclic voltammetric

experiments were carried out to investigate the influences of

CNF microstructures on the ORR properties. The p-CNF has

the highest ORR activity because it has a higher ratio of edge

atoms to basal atoms. Although f-CNF has relative lower ratio

of edge atoms to basal atoms than p-CNF, it has the highest

ORR peak current for its higher density of catalytic activity

sites. The t-CNF has the most negative ORR onset potential and

the least ORR peak current for the lowest ratio of edge atoms to
basal atoms. Moreover, the results show that the microstruc-

tures of CNFs can impact the ORR process. The ORR processes

on p-CNF, f-CNF and graphite are controlled by diffusion,

while the ORR on t-CNF is jointly controlled by surface

reaction and diffusion.
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