INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (2011) 2258—2265

journal homepage: www.elsevier.com/locate/he

Available at www.sciencedirect.com || inernationa ournat of
HYDROGEN

-227 . .
*s’ ScienceDirect

Nitrogen-doped carbon nanotubes with high activity
for oxygen reduction in alkaline media

Hui Li% Hao Liu®, Zée Jong®, Wei Qu?, Dongsheng Geng?, Xueliang Sun ",

a,**

Haijiang Wang

2 Institute for Fuel Cell Innovation, National Research Council Canada, Vancouver, B.C., Canada V6T 1W5
® Department of Mechanical and Material Engineering, University of Western Ontario, London, ON, Canada N6A 5B9

ARTICLE INFO

ABSTRACT

Article history:

Received 18 August 2010
Received in revised form

1 November 2010

Accepted 9 November 2010
Available online 9 December 2010

Keywords:

Alkaline electrolyte

Alkaline hydrogen fuel cells
Catalyst

Metal-air battery

Nitrogen-doped carbon nanotube
(NCNT)

Oxygen reduction reaction (ORR)

Nitrogen-doped carbon nanotubes (NCNTs) were prepared using a floating catalyst
chemical vapour deposition method. The multiwalled NCNT contains 8.4 at% nitrogen and
has a dimension of 100 nm in the diameter and 10—20 nm in the wall thickness. The
catalytic activity and durability of the NCNTs towards oxygen reduction reaction (ORR)
were evaluated by cyclic voltammetry (CV) and rotating ring-disk electrode (RRDE) tech-
niques in KOH solution. In addition, the effects of KOH concentration on several ORR
performance indicators of the NCNT catalyst, such as the number of electrons transferred,
the diffusion-limiting current density, the onset and half-wave potentials, were also
examined in electrolytes of various KOH concentrations, ranging from 0.1 to 12 M. Exper-
imental results show that NCNTs exhibited comparable activity for ORR in alkaline elec-
trolyte as compared with commercially available Pt/C catalyst, and much higher activity
than commercial Ag/C catalysts. In addition, the NCNTs showed good stability from the
potential cycling test, and the concentration of KOH had significant impact on the ORR

performance indicators of the NCNT catalysts.
Crown Copyright © 2010 Published by Elsevier Ltd on behalf of Professor T. Nejat Veziroglu. All
rights reserved.

1. Introduction

There have also been resurging interests in metal-air
batteries, particularly lithium-air and zinc-air batteries due to

The catalytic ORR has attracted increasing attention due to its
technological importance in alkaline hydrogen fuel cells,
where the ORR is much faster than in the acidic media of PEM
fuel cells. However, the commercialization of alkaline fuel
cells is still hindered by several factors, including the insuffi-
cient kinetics of for ORR, high cost of noble metal catalysts,
and the poor stability of the catalyst in alkaline media. Thus, it
is of great importance to develop a low-cost, stable and more
active electrocatalysts for the ORR in alkaline hydrogen fuel
cells.

* Corresponding author. Tel.: +1 519 661 3020.
** Corresponding author. Tel.: +1 604 221 3038.

the growing interests in clean energy technologies. Metal-air
batteries have various important advantages, including high
theoretical voltage, high theoretical energy and power densi-
ties [1—4], low operating temperature, low cost, and material
recyclability. More importantly, metal-air batteries are unique
compared with other batteries in that the cathode electro-
active material (oxygen) is not stored in the battery system,
but is supplied from the surrounding environment during the
discharge process [5,6]. This unique feature simplifies the
metal-air battery design, which leads to a lighter and more
compact battery thus increasing the specific energy. As

E-mail addresses: xsun@eng.uwo.ca (X. Sun), haijiang.wang@nrc.gc.ca (H. Wang).
0360-3199/$ — see front matter Crown Copyright © 2010 Published by Elsevier Ltd on behalf of Professor T. Nejat Veziroglu. All rights reserved.

doi:10.1016/j.ijhydene.2010.11.025


mailto:xsun@eng.uwo.ca
mailto:haijiang.wang@nrc.gc.ca
http://www.sciencedirect.com
http://www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2010.11.025
http://dx.doi.org/10.1016/j.ijhydene.2010.11.025
http://dx.doi.org/10.1016/j.ijhydene.2010.11.025

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 36 (2011) 2258—2265

2259

a result, metal-air batteries are regarded as promising means
of storing energy in applications where specific energy and
cost are key parameters [7].

Despite the advantages, metal-air batteries have a major
disadvantage of limited power output, due to the inadequate
performance of air electrodes [8]. The function of air elec-
trodes in metal-air batteries is to permit atmospheric oxygen
to react electrochemically at electrocatalytic sites. The air
electrode is designed to contain hydrophobic channels for
facilitating the diffusion of oxygen, and to provide electro-
catalytic sites that are in contact with electrolyte containing
dissolved oxygen. The catalyst layer must be structured to
maximize the catalyst area for the oxygen reduction reaction
(ORR), thus maintaining high limiting currents [5,9].

The major reason for the high polarization of air cathodes is
the slow kinetics or the high activation polarization of ORR. As
a result, significant efforts have been made to develop high
activity and low-cost ORR catalysts. There have been three
generations of ORR catalysts for metal-air batteries [10]. The
first generation has been the metal oxides, among which
manganese oxides have been the most widely used [11—-13] and
a variety of perovskite-type oxides have also been considered
promising candidates [14—20]. These oxide catalysts exhibit
high stability but mostly suffer from insufficient activity due to
the 2-electron pathway of ORR rather than a 4-electron
pathway. The second generation has been the organometallic
compounds [9]. The most prominent examples of this genera-
tion include metal tetra-methoxyphenyl porphyrin (TMPP)
based ORR catalysts such as CoTMPP [21-23], and FeTMPP
[24,25]. These carbon-supported TMPP catalysts show good ORR
activity in alkali electrolytes and are currently used in
mechanically rechargeable metal-air batteries. In comparison,
CoTMPP has higher electrochemical stability but promotes 2-
electron ORR pathway, while FeTMPP has inferior stability but
promotes direct 4-electron reduction reaction. One common
approach to improve the activity and stability is to fabricate
a mixture of the two to take advantages of the high stability of
CoTMPP and high activity of FeTMPP [26]. In addition to the
issues of insufficient activity and stability with metal-TMPP
based catalysts, high cost is another prohibiting factor for their
large scale applications.

The third generation, which has newly emerged thanks to
the advances in novel nanoscale materials, is the nitrogen-
doped carbon nanotubes (NCNT). Although carbon nanotubes
(CNT) demonstrated good characteristics as catalyst supports in
reducing Pt loading and improving stability of ORR catalysts for
fuel cells and metal-air batteries [27—31], including their high
chemical stability, good electric conductivity, enhanced mass
transport capability, and high surface area [32-34], they
generally exhibit poor inherent catalytic activity for ORR [35,36].
However, chemical modification of the CNT by nitrogen-doping
significantly improves the ORR activity of the resulting nitrogen-
doped CNTs [37—40]. Recently, using different synthesis tech-
niques, several groups successfully synthesized NCNTs that
show improved electrocatalytic activity for ORR in dilute alka-
line medium (0.1-1 M KOH or NaOH) as compared with
commercially available Pt/C [38,41,42].

In the previous paper of this series, we reported how to
synthesize aligned NCNTs with controlled structure and
morphology using a floating catalyst chemical vapour

deposition method [43]. In this study, we examine the elec-
trochemical activity and stability of these materials for ORR in
alkaline media. In particular, we investigate the effect of KOH
concentration on the ORR activity with KOH concentrations as
high as 12 M. This is of practical importance because ORR is
more favourable in alkaline electrolytes than in acidic and
neutral electrolytes, and consequently, a concentrated alka-
line solution, namely, 15—-30 wt% KOH (3—7 M), is suitable to
ensure sufficiently high ionic conductivity that is required for
utilizing thick anode, especially under low-temperature
operating conditions [9,44,45].

2. Experimental

2.1. Synthesis and physical characterization of the
NCNTs

The synthesis of multiwalled NCNTs with a nitrogen content
of 8.4 at% on carbon paper substrates was carried out by
a floating catalyst chemical vapour deposition system under
argon dilute gas flow with ethylene as carbon source, mela-
mine as nitrogen source, and ferrocene as the catalyst
precursor. The details regarding the synthesis were described
previously [43]. Briefly, substrates were located in the centre of
the reaction chamber while melamine and ferrocene were
placed at the entrance of the furnace. When the chamber was
heated to 950 °C the two layer mixture reached 350 °C, which
is above the sublimation temperatures of ferrocene and
melamine. At the same time ethylene was introduced into the
system. After 15 min, the ethylene gas was turned off and the
system cooled down to room temperature in the flowing Ar
gas. Field-emission scanning electron microscopy (FE-SEM)
and Transmission Electron microscopy (TEM) are employed to
characterize these NCNTs.

2.2. Electrochemical characterizations

Electrochemical characterization was performed in a conven-
tional three-electrode cell using the rotating ring-disk elec-
trode (RRDE) technique. A glassy carbon (GC) disk electrode
with a geometric area of 0.25 cm? (Pine Instruments) was used
as the rotating disk electrode (RDE) on which a thin catalyst
layer was coated to form a working electrode. A Pt ring sepa-
rated from the GC disk by Teflon casing was used to detect the
formation of H,0,. The counter electrode was Pt gauze, and
the reference electrode was Hg/HgO. All potentials in this
paper are referred to Hg/HgO electrode. First, a catalyst ink
was prepared by ultrasonically dispersing 3 mg NCNT catalyst
powder for 30 min in a solution consisting of 1.25 mL ethanol
(Sigma—Aldrich), 20 pL DI water (18 MQ cm, Millipore Milli-Q
system) and 13.4 uL 5% Nafion® ionomer (Alfa-Aesar). The ink
was then pipetted onto the glassy carbon disk surface with
a catalyst loading of 100 ug cm 2, forming a catalyst layer.
After air-drying, this working electrode was transferred into
the electrochemical cell for measurements. In addition to the
NCNT, commercially available carbon-supported Pt powder
(Pt/C, 46.9 wt% Pt, purchased from TKK) and carbon-supported
Ag (Ag/C, 60 wt% Ag, purchased from E-TEK) were also used in
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this study to make the catalyst layers for the purpose of
comparison.

Second, the electrolyte KOH solution was prepared from
reagent-grade KOH (Sigma—Aldrich). In this work, KOH solu-
tions with concentrations ranging from 0.1 M to 12 M were
employed to study the effect of KOH concentration on catalyst
activity for ORR.

During the electrochemical measurements which were
conducted at room temperature, the freshly prepared working
electrode was immersed in the electrolyte, and then the elec-
trolyte solution was deaerated by purging with nitrogen
(99.999%, Praxair) for 30 min. The electrode surface was elec-
trochemically cleaned by repeatedly cycling the potential
between —0.8 and 0.5 V for more than 20 cycles at a scan rate of
100 mV s~ Surface cyclic voltammetry (CV) was then con-
ducted with potential sweeping between —0.6 and 0.15 V at
50 mV s ! in the presence of constant N, bubbling, and the
electrode surface was determined to be clean when a repro-
ducible voltammogram was recorded. Following the CVs in N,
the KOH solution was saturated with oxygen (99.999%, Praxair)
through constant bubbling for 30 min before a set of CVs were
recorded in the presence of O, using the same scanning rate
and same potential range as with N, for comparison. For ORR
activity measurements, linear sweep voltammetry (LSV) was
conducted between —0.6 and 0.1 V at 5 mV s~ ! in O,-saturated
KOH solution at various rotating speeds. Simultaneously, the
ring potential was held at 0.5 V, where the oxidation of H,0,
was under pure diffusion control, and the ring current was
recorded to monitor any H,0, production originating from the
ORR on the disk. A higher ring current indicates a higher
production yield of H,0,, an undesired byproduct from ORR.

3. Results and discussion on
electrochemistry part

3.1 Physical characterizations

Long, dense NCNTs grown on carbon paper substrate are
clearly seen from Fig. 1. The carbon paper substrate is totally
covered by NCNT bundles with a length of around 100 pm. The
inserted magnified SEM image shows good alignment of the

Fig. 1 — SEM images of the NCNTs.

Fig. 2 — TEM image of NCNTs.

tubes within one bundle. The TEM image of these NCNTs is
shown in Fig. 2(b). The NCNTs have an average diameter of
100 nm and the wall thickness is 10—20 nm. The tubes show
a corrugated morphology.

3.2. Electrochemical testing

3.2.1. Cyclic voltammetry

Fig. 3 shows the CVs of the NCNT conducted in the absence (N,
bubbling) and presence of oxygen (O, bubbling) at room
temperature. No clear redox features can be observed in the CV
with N, suggesting that any metal residuals that might have
remained from the NCNT synthesis process were completely
removed from the NCNT surface, thus not contributing to the
ORR activity. The CV in O,, on the other hand, exhibits a steep

50
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Fig. 3 — Cyclic voltammograms of the NCNT catalysts in N,
and O,-saturated 3 M KOH electrolyte, respectively, at room
temperature. Scan rate: 50 mV s~ %,
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increase in the oxygen reduction current, reaching a peak
current at a potential of about —0.13 V vs. Hg/HgO.

3.2.2. RRDE results (LSVs)

To obtain further information into the kinetics of ORR, LSV
technique using RRDE setup was employed to record the
polarization curves that can generate significant amount of
kinetic information on ORR, such as the catalyst activity
measured by a current density at a given potential, selectivity
of the ORR to water versus hydrogen peroxide, and the elec-
tron transfer number of ORR. In the RRDE setup, the electro-
lyte provides OH™ to the ORR reaction at the catalyst layer
casted on the GC electrode. Oxygen within the solution
diffuses to the surface of the electrode and reacts to form
water preferably through a 4-electron pathway, or to produ-
ce hydrogen peroxide undesirably through a 2-electron
pathway. Clearly, the diffusivity and solubility of oxygen in
the KOH electrolytes can significantly contribute to the mass
transfer effect of oxygen diffusion through the solution, thus
affecting the current densities measured by the potentiostat
at a given potential. Therefore, when evaluating the activity of
the ORR catalysts, rotating the electrode at different rates is
always employed to account for the mass transfer effect of
oxygen diffusion so that the pure kinetic current can be
calculated to provide a true measure of catalyst performance
at a given potential [46].

The polarization curves of ORR with NCNT catalyst
obtained at room temperature through LSV in O,-saturated
3 M and 6 M KOH electrolytes, respectively, are presented in
Fig. 4. For comparison, identical measurements were
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Fig. 4 — Polarization curves of NCNT in 3 M KOH (top) and
6 M KOH (bottom), respectively, at room temperature in
comparison with polarization curves of Pt/C and Ag/C.
Scan rate: 5 mV s~ %; electrode rotation rate: 1600 rpm.

performed with commercial Pt/C (46.9 wt%) and Ag/C (60 wt%)
catalysts, and the polarization curves of these two commer-
cial catalysts are also presented in Fig. 4. Several observations
can be made from Fig. 4: (1) NCNT has well-defined diffusion-
limiting current plateau in both 3 M and 6 M KOH electrolytes,
which means that the distribution of active sites is uniform
[47,48]; (2) In 3 M KOH electrolyte, NCNT catalyst is under
diffusion control at potential lower than —0.25 V, but is under
mixed kinetic and diffusion control in the potential range
between —0.25 and 0.0 V; in 6 M KOH electrolyte, the potential
boundary between diffusion and mixed control shifts to
—0.1V; (3) NCNT exhibits a more positive onset potential than
Ag/C but more negative potential than Pt/C; (4) The limiting
current of NCNT is much higher than that of Ag/C but slightly
lower than that of Pt/C in 3 M KOH; however, the difference of
limiting currents between NCNT and Pt/C becomes insignifi-
cant in 6 M KOH, suggesting that the negative effect of higher
concentration of KOH to be discussed later is much less for
NCNT than for Pt/C.

The differences in activity between NCNT and commercial
catalysts can also be evaluated from the Koutecky—Levich
analysis. If assuming that the ORR reaction order is one for the
catalysts, the Koutecky—Levich equation can be written as:

=t (1)

where i, is the kinetic current density for the ORR, which is
proportional to the rate of reaction and increases exponen-
tially with overpotential [46]; iz is the diffusion-limiting
current density controlled by the mass transfer of oxygen in
the solution, as expressed in Eq. (2):

% =iy = 0.62nFCo, D3 v~ /6w (2)
where I3 is the disk plateau current (diffusion-limiting
current), A is the electrode diffusion area, n is the overall
number of transferred electrons in the ORR process, F is the
Faradaic constant, Co,is the oxygen concentration (solubility)
in the electrolyte, Do,is the oxygen diffusion coefficient, v is
the kinematic viscosity of the electrolyte, and w is the elec-
trode rotation rate.
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Fig. 5 — Koutecky—Levich plots for NCNT, commercial Pt/C
(46.9 wt%) and Ag/C (60 wt%) catalysts in 3 M KOH at
a potential of —0.4 V vs. Hg/HgO.
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Substituting Eq. (2) into Eq. (1), Koutecky—Levich equation

can be rewritten as:
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where B is the Levich slope. Koutecky—Levich plots at —0.4 Vin
3 M KOH electrolyte for NCNT and the two commercial cata-
lysts are illustrated in Fig. 5, which also includes the electron
transfer number calculated for each catalyst. It is seen that
ORR on NCNT is mainly a 4-electron reduction process, simi-
larly with that on Pt/C, but the ORR on Ag/C is clearly a 2-
electron process. In addition, the Koutecky—Levich plots for
NCNT and Pt/C have similar intercepts that are slighter higher
than 0, but the intercept for Ag/C is much higher than 0. Since
the non-zero intercept of Koutecky—Levich plot demonstrates
the presence of kinetic limitations [46,49], it can be concluded
that NCNT is kinetically comparable to Pt/C catalyst but much
faster than Ag/C catalyst for ORR. The comparable catalytic
activity of NCNT with commercial Pt/C has significantly
important practical implications if we compare the material
costs of the two catalysts for large-scale commercialization.

3.2.3. Effect of KOH concentrations

For practical application purposes, we studied the activity of
NCNT for ORR in electrolytes containing various concentra-
tions of KOH with an aim to see how the catalyst activity
changes with increasing KOH concentration. Fig. 6 shows the
polarization curves at 1600 rpm as a function of KOH
concentration obtained by RRDE tests at room temperature.
As seen from Fig. 6, the increased KOH concentration resulted
in not only the shifting of the onset potential to more negative
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Fig. 8 — Koutecky—Levich plots for NCNT catalysts in
various concentrations of KOH at a potential of —0.4 V vs.
Hg/HgO.
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Table 1 — Summary of the performance indicators of NCNT catalyst for ORR.

[KOH] (M) Electron transfer number at 1600 rpm  Limiting current density =~ Half-wave potential =~ Onset potential
(mA/cm?)® v)° V)

0.1 3.70 —4.71 —0.144 0.040

1 3.44 -3.16 —0.099 0.025

3 3.27 -1.09 —0.084 0.015

6 3.42 —0.40 —0.070 0.010

12 2.99 —0.04 —0.061 —0.022

a Limiting current measured at —0.4 V vs. Hg/HgO and 1600 rpm.
b Half-wave potential measured at 1600 rpm.

values but also the decrease of current densities at all regions -
kinetic region, mixed region and diffusion-limiting region. In
particular, when the KOH concentration increased from 0.1 M
to 12 M, the diffusion-limiting current density at —0.4 V was
reduced from 4.71 to 0.04 mA cm™?, showing more than 100
times reduction. The magnitude of reduction in limiting
current density is slightly smaller than that of the reduction of
oxygen solubility from 1.21 x 107° mol cm 3 in 0.1 M KOH to
1.01 x 107® mol cm 2 in 12 M KOH [50,51].

Also shown in Fig. 6, as KOH concentration increased to
12 M, the polarization curve exhibited peak current density
before it plateaued at the diffusion-limiting current density.
The presence of peak current densities in LSV graphs was
associated with the low solubility of oxygen in highly
concentrated KOH solution and has never been reported in the
literature since the most commonly used alkaline media
hasbeen 0.1 M KOH [38,39,41,42]. The presence of peak current
densities in polarization curves (LSV graphs) is better
demonstrated in Fig. 7 which illustrates the polarization
curves in highly concentrated KOH electrolytes (6 and 12 M
KOH) as a function of rotating rate, both obtained by RRDE
tests at room temperature. In 6 M KOH electrolyte, the polar-
ization curves started to have peak current densities after the
rotating rate was lower than 1200 rpm, but in 12 M KOH
electrolyte, regardless of the rotation speed, all of the polari-
zation curves showed peak current densities.

Fig. 8 presents the Koutecky—Levich plots obtained at —0.4 V
for different concentrations of KOH. It shows that, as the KOH
concentration increased, not only the K—L slopes increased
significantly, which indicated the decrease in the number of
electrons transferred in ORR and thus the reduction in H,0O

50
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Fig. 9 — Stability test. CVs for the ORR with NCNT catalyst in

oxygen-saturated 3 M KOH solution at room temperature.

Scan rate: 50 mV s~ 2,

selectivity, but also the Y-intercepts of the K—L plots became
much greater than 0, suggesting a decreasing kinetics of the-
catalyst for ORR. Table 1 summarizes the performance indica-
tors of NCNT catalysts in electrolytes of various KOH
concentrations, including the number of electrons transferred
in ORR, the diffusion-limiting current density, the half-wave
potential (HWP), and the onset potential obtained at —0.4 V vs.
Hg/HgO with a rotating rate of 1600 rpm. It is clear that the
catalyst activity was significantly compromised by the low
concentration of oxygen in highly concentrated KOH solutions,
despite the benefit of increased conductivity. This has impor-
tant implications for the design of the air cathodes in metal-air
batteriesin that the air cathodes have to be designed to facilitate
the easy access for air diffusion to the catalyst active sites, and
optimizations need to be conducted in the use of highly
concentrated KOH considering both the benefits of elevated
conductivity and the disadvantages of lowered solubility of
oxygen in the electrolyte.

It should be pointed out that, although both Gong et al. [41]
and Nagaiah et al. [42] reported much better performance of
their NCNT catalysts over commercial Pt/C catalysts in their
respective studies, the diffusion-limiting currents in their
work were obtained in dilute alkaline media (0.1 M KOH and
1 M NaOH, respectively) and reported to be around 0.80 mA
and 0.15 mA, in comparison to 1.18 mA and 0.79 mA achieved
in our work in 0.1 M and 1 M KOH, respectively.

3.2.4. Stability

Stability test for the NCNT catalyst was conducted by running
continuous potential cycling between —0.6 and +0.15 V in
oxygen-saturated 3 M KOH solution for 3500 cycles. As can be
seen from Fig. 9, the NCNT catalyst shows almost identical vol-
tammetric graphs before and after the continuous potential
cycling.

Thus, it can be seen that NCNT exhibited good ORR activity
and stability in alkaline solution. Although currently the
active site of NCNT cannot be identified clearly, many
researchers have considered that graphene-coordinated FeN,
or FeN, moieties are the active sites [52—54]. However, some
researchers do not agree with the view; Ozkan et al. think that
the higher activity of N-doped carbon fibers should be related
to edge plane exposure, and not necessarily to the presence of
metal residues [40]. And Dai et al. [41] suggested that the
strong electronic affinity of the nitrogen atoms and the
substantially high positive charge density on the adjacent
carbon atoms should also contribute to the catalytic activity.
Although no residual Fe was detected from the CV graphs
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shown in Fig. 3, more study is recommended to clearly iden-
tify the active site of NCNT [43].

4, Conclusions

Multiwalled NCNTs with a nitrogen content of 8.4 at%, and
adimension of 100 nmin the diameter and 10—20 nm in the wall
thickness were synthesized using a floating chemical vapour
deposition technique. The electrochemical activities of these
NCNTs towards ORR, characterized by CV and RRDE techniques
in alkaline solutions containing various concentrations of KOH
(0.1-12 M), showed comparable values as compared with
commercial Pt/C catalyst, and much higher values than
commercial Ag/C catalysts. In addition, the NCNT catalysts
were also evaluated for their stability by potential cycling in the
presence of oxygen, and the NCNT catalyst did not experience
noticeable changes after 3500 cycles. In light of the strong need
to develop alternative catalysts to replace Pt based catalysts,
and in consideration of the additional benefits of the superior
mechanical and thermal properties of carbon nanotube mate-
rials, NCNTs definitely hold the promises of being the inex-
pensive, highly active, and durable ORR electrocatalysts for
large-scale commercialization of metal-air batteries.
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