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1.1
Introduction

With the diminishing fossil fuels and even increasing demand on energy resources
as well as the growing environmental concerns, the development of clean and
sustainable energy conversion and storage systems with high efficiency at low cost
has attracted intense research interests [1—3]. Fuel cells and metal-air batteries
are promising energy devices with unique properties, such as large theoretical
specific energy (up to 3600 W h kg~! for Li—O, battery). However, implementing
these energy technologies in our daily life requires highly effective, but low-cost,
electrocatalysts to efficiently reduce O, [4]. Specifically, both fuel cells and
metal-air batteries involve oxygen reduction reaction (ORR) at the cathode
[5—11]. Pt/C catalysts are generally used as electrocatalysts for the sluggish ORR.
However, the scarcity and high cost of platinum pose one of the major concerns
that have precluded fuel cells from commercial applications [12].

Carbon materials with unique structures, including zero-dimensional (0D)
fullerenes, one-dimensional (1D) carbon nanotubes (CNTSs), two-dimensional
(2D) graphene, and three-dimensional (3D) graphite, are of particular interest
because of their desirable properties, including excellent electrical conductivity,
controllable porosity, and electrocatalytic activity, and high mechanical strength
[13]. Owing to their wide availability, environmental acceptability, corrosion
resistance, and unique surface and bulk properties, CNTs are ideal candidates
as efficient ORR catalysts [2, 14—17]. In this regard, doping CNTs with nitrogen
has been demonstrated to transfer the inert carbon surface to more active
electrocatalytic sites for ORR [10, 11]. Recently, substantial progress has been
made to understand the doping process associated with doped CNTs. As a result,
a number of significant breakthroughs have been witnessed in the development of
metal-free carbon-based ORR electrocatalysts [2]. This chapter begins with a brief
description of the ORR principles, which is followed by a summary of recent work
on the rational preparation of carbon-based ORR electrocatalysts for potential
applications. Finally, various heteroatom (N, B, P, S)-doped CNTs are discussed
in order to correlate their ORR activities with the syntheses and structures.
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1.2
Experimental Evaluation of Electrocatalytic Activity toward ORR

In an aqueous solution, the complete oxygen reduction goes through either a two-
electron transfer process with hydrogen peroxide as the intermediate, followed by
further reduction to OH™/water or a more efficient four-electron transfer to pro-
duce water directly. As shown below, the two-electron and four-electron reduc-
tion processes can occur in both alkaline and acid media [18]:

Alkaline media : O, +2H,0 + 4e™ — 4OH~ (Four-electron process)
0, +2H,0 +2e~ —» HO,” + OH™  (Two-electron process)
H,0 + HO; +2e” — 30H™
Acid media : O, +4H" + 4e” —» 2H,0 (Four-electron process)
O, +2H* +2¢” - H,0, (Two-electron process)
H,0, + 2H* + 2e” - 2H,0
To evaluate the electrocatalytic activity of catalysts, especially for ORR in
aqueous electrolytes, the most commonly used techniques are rotating disk
electrode (RDE) and rotating ring-disk electrode (RRDE) coupling with lin-
ear scan voltammetry (Figure 1.1) [19]. The current of ORR is dependent on
the kinetic current (/;) and diffusion-limiting current (/;). Kinetic current is
determined by the reaction kinetic process. However, the slow mass transport

of the reactants (e.g., O,) from the bulk of electrolyte solution to the electrode
surface results in the formation of a concentration profile of the reactants in
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Figure 1.1 Configuration of RDE (a) and RRDE (c). Linear sweep voltammogram (LSV)
curves of electrocatalysts in oxygen-saturated electrolyte with different rotating speeds (b).
Typical oxygen reduction curves on the disc and ring electrodes, respectively (d).
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front of the electrode surface. If the applied overpotential is high enough, every
atom/ion reaching the electrode reacts immediately, resulting in nearly zero
concentration at the surface, leading to a diffusion-limiting current density,
which is only determined by the rate of diffusion. RDE is used to separate the
diffusion and the kinetic currents of ORR. In a RDE, rotating movement leads
to convection, and subsequently determines the thickness of the diffusion layer.
As the diffusion rate is dependent on the rotating speed, the diffusion-limiting
current is determined by the rate at which the reactant diffuses to the surface
of the electrode, and hence also depends on the rotating speed. When the small
effect of a Nafion film on diffusion is neglected for the rotating electrode, the
overall measured current, /, can be expressed as being dependent on the kinetic
current () and the diffusion-limiting current (J), which can be expressed in
terms of the Koutecky—Levich equation as follows [20]:

11,1 1, 1
Ik Ja K Bol?

where o is the electrode rotating rate. B is determined from the slope of the

Koutecky—Levich plot based on the Levich equation as given below:

B =0.2nF(Dg, )*v71/°C,

in which 7 represents the transferred electron number per oxygen molecule, F is
Faraday constant (F = 96 485C mol™), DOZ is the diffusion coefficient of O, in
electrolyte, v is the kinetic viscosity, Cp, is the bulk concentration or solubility of
O,. These parameters are listed in Table 1.1. The constant 0.2 is adopted when the
rotation speed is expressed in revolutions per minute.

Figure 1.1b shows the typical linear sweep voltammogram (LSV) curves of ORR
tested on RDE at various rotating speeds. The diffusion-limiting current increases
with increasing rotating speed, which is associated with the increase of oxygen
diffusion to and reduction at the electrode surface. At high overpotentials, the oxy-
gen reduction is fast enough that a flat limiting plateau is achieved (Figure 1.1b).
It is explained that the current plateau could be associated to the distribution of
the electrocatalytic sites on the electrode surfaces. Typically, the uniform distri-
bution of active sites leads to the well-defined current plateau at the diffusion-
limiting region. By contrast, the distribution of active sites is less uniform and the

Table 1.1 The parameters of commonly used electrolytes.

Electrolyte 25°C, Diffusion coefficient of O, Kinetic viscosity Bulk concentration of O,  References
1atmO, (Do, % 1075, cm?s™") (» x 107°, cm?s™") (Co, % 10~%, mol cm—3)
0.1M HCIO, 1.93 1.01 1.26 [21]
0.5M H,SO, 1.40 1.00 1.10 [22]
0.1 M KOH 1.90 1.00 1.20 [23]
0.5M KOH 1.68 1.06 1.03 [24]
1M KOH 1.43 1.13 0.84 [24]
[25]

1M NaOH 1.65 1.10 0.84
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electrocatalytic reaction is slower, the current plateau is more inclined [26]. The
transferred electron number and kinetically controlled currents can be obtained
by Koutecky—Levich plots, in which the diffusion limitations can be eliminated.
For the Tafel plot, the kinetic current is calculated from the mass transport cor-
rection of RDEby J, =] X Ji/U4 = ).

Alternatively, the RRDE enables to determine the kinetics and the mechanism
of ORR. Accordingly, the dominated reaction on the central disc electrode is
the direct reduction of O, to H,O (with a four-electron charge transfer) and
the potential intermediate species, hydrogen peroxide (H,O,), is either oxidized
or reduced on the concentric ring electrode, depending on the potential of this
electrode (Figure 1.1c, d). Thus, this technology can be used to quantitatively
evaluate the molar proportion of produced HO,™ on ring electrode (platinum
or gold). The disc and ring currents (I, and Iy, respectively) are recorded as a
function of the disc electrode potential (Figure 1.1d). The total disk current, I,
is the sum of the O, reduction currents to water, Iy ¢, and intermediate (H,0,),
Iyy,0,- The Iy o, is related to I through a collection efficiency (N) as follows:

Ip = Iyo + Iy,o, and Iy o, = Iy /N.

The H, 0, yield (H,0,%) and the electron transfer number (7) are determined by
the following equations [19, 27, 28], respectively:

I,/N
H,0,% = 200——
I, + I /N
I
—4— D
I+ Iy /N
where N is current collection efficiency of the ring electrode. The collec-
tion efficiency is defined as N = —I;/I; and is usually determined by using

[Fe(CN)]*~/[Fe(CN)¢]3~ redox couple [25].

1.3
Doped Carbon Nanotubes for ORR

1.3.1
Carbon Nanotubes Doped with Nitrogen

Carbon-based ORR electrocatalysts are usually obtained by doping sp? carbon
materials with different dopants [29-32]. As a representative nanocarbon
material that has been studied for more than two decades, CNTs offer several
notable advantages over carbon blacks as supports for fuel cell electrocatalysts.
Those advantages include, but not limited to, the improved mass transfer of
reagents/products, enhanced electronic conductivity, and higher resistance
to corrosion. The explosion of interest in the carbon-based metal-free ORR
catalysts [33-45] started in 2009 when Dai’s group [10] reported excellent
four-electron ORR performance of vertically aligned nitrogen-doped carbon
nanotube (VA-NCNT) arrays (Figure 1.2), which showed comparable onset
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Figure 1.2 (a) SEM image of the as- about 100000 cycles in air-saturated 0.1 M

synthesized VA-NCNTs on a quartz substrate.
(b) Digital photograph of the VA-NCNT array
after having been transferred onto a PS-
nonaligned CNT conductive nano-composite
film. (c) Rotating ring-disk electrode (RRDE)
voltammograms for oxygen reduction in
air-saturated 0.1 M KOH at the Pt-C (curve
1), vertically aligned all-carbon carbon nan-
otube (VA-CCNT, curve 2), and VA-NCNT
(curve 3) electrodes. (d) Cyclic voltammo-
grams (CVs) for the ORR at the Pt-C (top)
and VA-NCNT (bottom) electrodes before
(solid curves) and after (dotted curves) a
continuous potentiodynamic sweep for

KOH at room temperature (25 + 1°C). Scan
rates: 100mVs~'. (e) The CO poisoning
effect at the Pt-C (black curve) and VA-
NCNT (red line) electrodes, respectively. CO
gas of 55ml/min was first added into the
550 ml/min O, flow, and then the mixture
gas of ~9% CO (v/v) was introduced into
the electrochemical cell at about 1700s. (f)
Calculated charge density distribution for
the NCNTs. (g) Schematic representations
of possible adsorption modes of an oxygen
molecule at the CCNT (top) and NCNT (bot-
tom). (Adapted from Ref. [10].)
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potential to that of commercial Pt/C with a much higher reduction current
density. Furthermore, the VA-NCNT catalyst exhibited high tolerance to CO
poisoning and methanol oxidation (crossover effect). According to the exper-
imental observations and theoretical calculations by B3LYP hybrid density
functional theory (DFT), the improved catalytic performance is contributed to
the electron-accepting ability of the nitrogen atoms, which creates net positive
charge on adjacent carbon atoms in the CNT plane of VA-NCNTs (Figure 1.2f).
More importantly, the nitrogen-induced charge delocalization could also change
the chemisorption mode of O, from the usual end-on adsorption (Pauling model)
at the nitrogen-free CNT surface (top, Figure 1.2g) to a side-on adsorption
(Yeager model) onto the NCNT electrodes (bottom, Figure 1.2g). The N-induced
charge transfer from adjacent carbon atoms could lower the ORR potential while
the parallel diatomic adsorption could effectively weaken the O—O bonding,
facilitating ORR at the VA-NCNT electrodes. Meanwhile, doping CNTs with
nitrogen heteroatoms could also efficiently create the metal-free active sites for
electrochemical reduction of O,. Like the doping-induced intramolecular charge
transfer, intermolecular charge transfer induced by adsorption of polyelectrolyte
onto all-carbon CNTs could also impart ORR catalytic activities [46]. Uncovering
this ORR mechanism in the nitrogen-doped CNT electrodes is significant as the
same principle could be applied to the development of various other metal-free
efficient ORR catalysts for ORR applications. This seminal work is followed by
many studies in order to broaden the diversity of carbon-based electrocatalysts
[2, 47]. Recent research activities carried out in many laboratories, including our
own one, have not only confirmed the aforementioned findings, but also further
proved the important role of heteroatom doping, which has a large impact on the
design and development of new catalytic materials for fuel cell applications and
even beyond fuel cells [2, 14, 4145, 48, 49].

Apart from the VA-NCNTs, a wide range of other N-doped carbon nanostruc-
tures, including graphene, carbon nanocups, and carbon nitrides, have also been
developed with different morphologies and structural characteristics for ORR
applications. For instance, Qu et al. [50] have prepared N-graphene films using
a nitrogen-containing reaction gas mixture and a Ni-coated SiO,/Si substrate.
The resultant N-graphene film could be readily etched off from the substrate
by dissolving Ni catalyst layer in an aqueous solution of HCI, allowing the
freestanding N-graphene sheets to be transferred onto various substrates suitable
for electrochemical investigation. Being only single or a few layers of graphene,
the N-graphene sheets were flexible and transparent. More importantly, the
N-graphene was demonstrated to act as a metal-free electrode with a much
better electrocatalytic activity, long-term operation stability, and tolerance
to crossover effect than platinum for oxygen reduction via a four-electron
pathway in alkaline fuel cells. In addition, Shao et al. [51] have also synthesized
nitrogen-doped graphene by exposing graphene to nitrogen plasma. It was
found that N-graphene thus prepared exhibited higher ORR activity than that of
Pt/C and was free from the methanol crossover effect, indicating the possibility
of replacing expensive Pt with low-cost N-graphene. Star and coworkers [52]
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compared the ORR activity of nitrogen-doped carbon nanotube cups (NCNCs)
to those of commercial Pt-decorated multiwalled CNTs (Pt/CNTs). These
NCNCs were composed of individual nanocups stacked together to form long
nanofibers with a nitrogen content of 2—7 wt% and diameters in the range of
12-40 nm. NCNCs exhibited a comparable ORR electrocatalytic activity to that
of Pt/CNTs in alkaline medium. Lyth et al. [53] have found that carbon nitride
materials exhibited a higher ORR catalytic activity in acidic media than their
N-free counterparts, though their current density for oxygen reduction was
still low. Through uniform incorporation of carbon nitride into a mesoporous
carbon to enhance the electron transfer efficiency of carbon nitride, Zheng et al.
[41] have prepared metal-free carbon nitride@carbon composite that showed a
significantly improved oxygen reduction current density for a four-electron ORR
process.

As the CVD growth processes for the preparation of VA-NCNTs and
N-graphene involve metal catalysts (e.g., Fe and Ni), considerable care has been
taken during the electrode preparation to completely remove the catalyst residue
[10, 42, 50]. Even though VA-NCNTs electrode was purified by electrochemical
oxidation [10], possible effects of metal contaminates on the observed superb
ORR performance could still be a matter of controversy unless nitrogen-doped
carbon nanomaterials with excellent ORR electrocatalytic activities can be
produced by a metal-free preparation procedure. In order to address this issue,
Yu et al. [47] developed a simple, but very effective, plasma-etching approach
for the metal-free growth of undoped and nitrogen-doped single-walled car-
bon nanotubes (SWCNTSs). In contrast to undoped SWCNTs, the metal-free
nitrogen-containing SWCNTs thus synthesized were demonstrated to show high
electrocatalytic activity and long-term stability toward ORR in an acidic medium.
Using a metal-free nanocasting approach, Liu et al. [43] have also reported a
superior ORR electrocatalytic performance to platinum for nitrogen-doped
ordered mesoporous graphitic arrays (NOMGAs). Because of the metal-free
preparation procedure in this case, the reported electrocatalytic activity can be
exclusively attributed to the incorporation of nitrogen in NOMGAs. Metal-free
N-doped MWCNTs or ordered mesoporous carbons (OMCSs) have also been
prepared through carbonization of a MWCNT-supported polyaniline (PANI)
coating [37] or via NH; activation to show high ORR activities even in acidic
media [44].

Since N-doping plays an essential role in forming the active sites for oxygen
reduction catalysts, it is necessary to understand the influence of nitrogen content
and its chemical nature on the ORR activity. In order to examine the chemical
nature of active sites and optimize the content of nitrogen in carbon lattices for
ORR, recent research activities carried out in many laboratories have led to the
synthesis of NCNTs with different nitrogen contents from different precursors
[45]. For instance, NCNTs with higher nitrogen contents have been obtained
by increasing the precursor ratio (pyridine to ethanol) in CVD process [54].
Such NCNTs exhibited a positive correlation between nitrogen content and the
electrocatalytic activity toward ORR. The nitrogen contents in NCNT arrays can

7
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also be adjusted by changing the pyrolysis temperature. The NCNTs with a high
content of pyridinic-type nitrogen have been demonstrated to show an excellent
activity toward ORR and a much better activity in an alkaline medium than that
in an acidic medium [55].

Theoretical simulations indicated that the presence of nitrogen could reduce
the barrier to ORR at a neighbor carbon atom [56]. The pyridinic-type nitrogen
in the C-N,, catalysts would contribute to the conjugation effect of the nitrogen
lone-pair electrons on the nitrogen and graphene n-system, leading to enhanced
ORR activity [38, 57]. By contrast, Niwa et al. [58] revealed that carbon nanoma-
terials containing a high concentration of graphite-like nitrogen have a high ORR
activity via X-ray absorption analysis. The influence of nitrogen concentration in
the NCNTs on the electronic, structural, and electrochemical properties has been
examined, showing an increase in bulk electrical conductivity and the density of
states at the Fermi level with the increased nitrogen doping in CNTs [57, 59]. This
may stem from the existence of an electron-rich nitrogen site, for example, pyri-
dinic nitrogen possesses a lone pair of electrons in addition to a donated electron
in the conjugated n-system (mixed c—x valence states) [59]. The nitrogen dop-
ing in CNTs would result in chemically active, localized areas of higher electron
density to promote the electrocatalysis of ORR. However, detailed understanding
of the catalytic roles for each nitrogen atoms with different doping configura-
tions requires further study through the combined experimental and theoretical
approaches.

1.3.2
Carbon Nanotubes Doped with Heteroatoms Other Than Nitrogen

In addition to doping CNTs with nitrogen, CNTs have been doped with other het-
eroatoms, such as boron, sulfur, and phosphorus, to tune the electron-donating
properties for enhancing the ORR activity. Depending on the chemical nature
of the heteroatoms and the local structures, the heteroatom doping could either
increase the oxygen reduction current or decrease the onset overpotential by
means of (1) facilitating the O, adsorption, (2) increasing the total number of
active sites, and (3) improving the surface hydrophilicity. In this context, Yang
et al. [60] have recently extended the doping atoms to include boron with a
lower electronegativity than that of carbon. The experimental results revealed
that doping CNTs with the electron-deficient boron could also turn CNTs
into metal-free ORR catalysts with a positively shifted potential and enhanced
reduction current, as well as a high stability and good resistance toward methanol
crossover and CO poisoning. DFT calculations have revealed that the larger elec-
tronegativity of carbon in comparison to the boron atom leads to the formation
of positively charged boron due to the polarization in B—C hybridization bonds,
which is favorable for the chemisorption of O, on boron dopant (Figure 1.3). By
contrast, O, was adsorbed on the carbon atoms neighboring the nitrogen dopant
in nitrogen-doped CNTs [10, 61]. These experimental and theoretical results
suggest that the doping-induced charge redistribution, regardless whether the
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(c) 9

Figure 1.3 Important molecular orbitals involved in the O, adsorption on BCNT (5,5).
(a) Spin-down HOMO-1 of BCNT(5,5); (b) LUMO of triplet O,; and (c) Spin-down HOMO-2 of
0,-BCNT(5,5). (Adapted from Ref. [60].)

dopants have a higher (as N) or lower (as B) electronegativity than that of carbon,
could create charged sites (C* or B*) that are favorable for O, adsorption and
subsequent reduction process [45]. For the pristine CNTs, this process could not
be achieved as there is no charged site on the tube, and the ground-state triplet
O, would have repulsion force with spin-singlet pristine CNTs owing to orbital
mismatch [60].

Hu and coworkers [60] prepared B-doped CNT by CVD with benzene, triph-
enylborane, and ferrocene as the precursors and catalyst. The shapes of the BCNTs
evolved from straight to bamboo-like, and eventually to twisted nanotubes with an
increasing amount of B-dopant in the range of 0%—2.13%. It should be noted that
doping of carbon materials with B is more difficult than N-doping. For example,
the highest reported B-doping level (2.13%) is far less than that in the case of N
(12%), and B-doping is often accompanied by a high O content because of the
strong affinity between O and B. The ORR onset- and peak-potentials shifted posi-
tively and the current density increased noticeably with increasing boron content,
indicating a strong dependence of the ORR performance on the boron content. By
extension, various CNT-based metal-free electrocatalysts could be prepared by
doping CNTs with other heteroatoms (other than N and B) of electronegativities
different from that of carbon.

The aforementioned results have confirmed that the doping-induced charge
transfer plays a key role in oxygen reduction on the carbon-based metal-free ORR
catalysts [11]. Apart from the aforementioned charge transfer, electron spin is
also an important factor influencing oxygen reduction process on metal-free elec-
trocatalysts. Theoretically, Zhang and Xia [62] concluded that dopant-induced
redistribution of spin density and charge density on the graphene strongly affected
the formation of the intermediate species (e.g.,, OOH) in ORR, O, adsorption,
0O-0 bond breakage, and/or water formation. Anderson and coworkers [56]
have also demonstrated that the adsorption bond strengths of adsorbate radicals
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(e.g., H and OOH) exhibited a correlation with the spin density. Therefore, spin
density could be regarded as a factor determining the positional selectivity of
radical adsorption while charge density determined the attractive force with
charged moieties. Experimentally, Jeon et al. [63] reported that edge-selectively
sulfurized graphene nanoplatelets (SGnPs) could be produced by simple, but
efficient, dry ball milling graphite in the presence of sulfur. The resultant SGnPs
have been used as efficient metal-free ORR electrocatalysts. Furthermore, oxida-
tion of the SGnPs into SOGnPs further improved the ORR capability to surpass
the commercially available Pt/C electrocatalyst. In order to investigate the origin
of the observed high ORR activities, theoretical calculations were conducted
and showed that the electronic spin density, in addition to generally considered
charge density, played a key role in the high ORR activities arising from the
SGnPs and SOGnPs. On the other hand, Yang et al. [64] synthesized sulfur-doped
graphene by directly annealing graphene oxide (GO) and benzyl disulfide (BDS)
in argon. The sulfur-doped graphene (S-graphene) thus prepared exhibited
an excellent ORR catalytic activity, long-term stability, and high methanol
tolerance in alkaline media. Graphene doped with another element of a similar
electronegativity as carbon (e.g., selenium; electronegativity: 2.55) showed also a
similarly high ORR catalytic activity as S-graphene. Given that sulfur has a close
electronegativity to that of carbon and that the C-S bonds are predominantly
at the edge or the defect sites, the change of atomic charge distribution for the
S-graphene is relatively small with respect to N (B, or P)-doped carbon materials.
As such, the charge transfer alone cannot explain the observed high ORR
electrocatalytic activities for S-/Se-graphene. Therefore, the spin density was
considered to be the dominant factor to regulate the observed ORR activity in the
S-/Se-graphene.

It is also interesting to note that Yao et al. [65] prepared iodine-doped graphene
by annealing GO and iodine in argon, which exhibited better catalytic activity
and long-term stability than a commercial Pt/C catalyst. Similarly, Liu et al. [66]
synthesized the phosphorus-doped CNTs by the thermolysis of CN'Ts. The phos-
phorus doping significantly improved the electrocatalytic activity of CNTs for the
ORR in alkaline media. Compared to the Pt/C catalyst, CNTs doped with small
amounts of phosphorus exhibited a higher electrocatalytic activity and stability.
The ORR activity of the N-doped carbon catalysts was increased by 11%—15%
due to the additional B-doping, but there was an increase of 100%—108% in the
case of additional P-doping. Thus, further understanding the crucial role of the
doping microstructure in ORR performance enhancement is of significance in
designing and optimizing advanced metal-free carbon-based electrocatalysts. The
heteroatom doping changed not only the carbon surface chemistry, like basicity
and hydrophilicity/oleophilicity, but also the electronic structure by donating a
lone pair of electrons to shift the neutralized charge distribution on carbon atoms.
The altered distribution of charge density and spin density of carbon atoms and
heteroatoms played a critical role in the chemisorption of oxygen molecules and
their derivatives.
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Recently, Qiao and coworkers [67] investigated the origin of ORR electro-
catalytic activity for graphene doped with different heteroatoms, including N,
B, O, S, and P elements, respectively, using both electrochemical measurements
and DFT calculations (Figure 1.4). The ORR activities at these doped graphene
sheets were evaluated in terms of four electrochemical descriptors: exchange
current density, onset potential, reaction pathway selectivity, and kinetic current
density. The measured exchange current densities for each synthesized graphene
surface can be obtained from the respective Tafel plot, as shown in Figure 1.4a.
These current densities formed a volcano-shaped plot versus the adsorption
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Figure 1.4 (a) Experimentally determined Tafel plots for different catalysts from ORR
polarization curves and (b) volcano plot between j; (theory) and AGyq» with charge
transfer coefficient a = 0.5. (Adapted from Ref. [67].)
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free energies of the intermediate OOH* (AGqy-) with other electrochemical
quantities being also related well to AGyy- on the catalyst surface. Therefore,
the adsorption free energies of intermediate OOH* probably play important roles
in determining the oxygen reduction activity of doped carbon materials.
Co-doping CNTs with two heteroatoms, one with higher and another with
lower negativity than that of carbon, was found to significantly enhance their
ORR electrocatalytic activities with respective to the single-atom-doped CNTs
[68, 69]. In particular, we have successfully prepared vertically aligned CNTs
containing both nitrogen and boron heteroatoms (VA-BCN). Figure 1.5a, b
shows SEM and TEM images of the resultant VA-BCN nanotubes. Because
of a synergetic effect arising from the co-doping of CNTs with boron and
nitrogen, the VA-BCN nanotubes exhibited a higher electrocatalytic activity
for ORR in alkaline medium than those of vertically aligned carbon nanotubes
(VA-CNTs) doped with either boron or nitrogen only [69]. This approach has
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Figure 1.5 (a) SEM and (b) TEM images of  rate of 10mVs~" at a rotation speed of
VA-BCN nanotubes. (c) Linear sweep voltam- 1000 rpm. (d) Tafel plots derived from (c)
metry curves of various electrodes in O,- in the low-current region. (Adapted from
saturated 0.1 M KOH electrolyte at a scan Ref. [69].)
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been extended to VA-CNT co-doped with phosphorus (P) and nitrogen (N) as
high-performance electrocatalysts for ORR [70]. The observed superior ORR
performance with a good methanol and CO tolerance and excellent durability
in comparison to the commercial Pt/C electrode opens up novel avenues for
designing efficient metal-free ORR catalysts by co-doping carbon nanomaterials
with more than one heteroatoms with electronegativities different from that of
carbon atom. However, different doping configurations could lead to different
ORR electrocatalytic activities. For instance, co-doping of CNTs with dominantly
separated (B—C and N-C) can turn the inert CNTs into efficient ORR catalysts
whereas the bonded boron and nitrogen (B—N-C) cannot [71].

Theoretical calculations revealed that neutralization between the extra electron
from N and the vacant orbital from B for the bonded case led to unfavorable
chemisorption of O, on the co-doped CNTs. Fortunately, the neutralization
can be prevented by separating B from N to maintain the conjugation with the
carbon w-system as in the mono-doped CNT, leading to the improved ORR
activities. Recent studies reported by Hu and coworkers [71] and Qiao and
coworkers [72] indicated that sequential doping of B and N, and hence the sep-
arated dopant location, into carbon materials provided an enhanced synergistic
coupling effect that could significantly facilitate the electrocatalytic ORR. These
results, once again, demonstrated the crucial role of the doping microstructure
on ORR performance, providing new insights into the molecular design and
feasible synthesis of advanced carbon-based metal-free catalysts for potential
applications in fuel cells and metal-air batteries. Even though excellent ORR
performance, particularly in alkaline media, has been demonstrated for many of
the carbon-based ORR catalysts discussed earlier, the performance evaluation of
these nanocarbon catalysts in actual fuel cells has been much less discussed in
literature. Xiong et al. [73] have investigated nitrogen-doped CNT arrays as an
ORR catalyst in a PEMFC-analogous acidic medium and demonstrated a strong
ORR signal at the favorably positive potential. Rao and Ishikawa [74] evaluated
the VA-NCNT metal-free electrocatalysts in anion-exchange membrane fuel
cells (AEMECs), while Feng et al. [49, 75] fabricated a microbial fuel cell (MFC)
with an air-cathode single chamber and carbon fiber brush anode to efficiently
produce electricity with a good durability.

14
Conclusions

Recently, heteroatom-doped CNTs have been intensively investigated as efficient
ORR electrocatalysts. It was found that doped CNTs exhibited even a higher
electrocatalytic activity and better long-term operation stability than those of
commercially available platinum-based electrodes for ORR. On the basis of the
theoretical simulation, it was concluded that the altered distributions of charge
density and/or spin density of carbon atoms due to the heteroatom doping played
critical roles for improving catalytic activities of CNTs. Co-doping of carbon

13
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nanomaterials with more than one heteroatoms could create synergistic effects
for facilitating ORR. However, more studies are needed to understand the nature
of the active sites and the ORR mechanisms on the (co-)doped carbon nano-
materials. Even though some recent studies on the doped carbon nanomaterials
in acidic medium have indicated their potential applications in practical cells,
the catalytic performance of these reported N-doped carbon nanomaterials still
needs to be further improved.

Acknowledgments

The authors are grateful for the financial support from NSF, NSE-NSFC, AFOSR,
and DAGSI, and would also like to thank colleagues and collaborators for their
work cited in this chapter.

References

1.

10.

11.

Dunn, B., Kamath, H., and Tarascon,
J.-M. (2011) Science, 334, 928—-935.
Dai, L., Chang, D.W., Baek, J.-B., and
Lu, W. (2012) Small, 8, 1130-1166.
Zhang, ]. and Zhao, X. (2012) Chem-
SusChem, 5, 818—841.

Su, D.S. and Sun, G. (2011) Angew.
Chem. Int. Ed., 50, 11570-11572.

Cheng, F. and Chen, J. (2012) Chem. Soc.

Rev., 41, 2172-2192.

Borup, R., Meyers, J., Pivovar, B., Kim,
Y.S., Mukundan, R., Garland, N.,

Myers, D., Wilson, M., Garzon, E.,
Wood, D., Zelenay, P., More, K.,

Stroh, K., Zawodzinski, T., Boncella, J.,
McGrath, J.E., Inaba, M., Miyatake, K.,
Hori, M., Ota, K., Ogumi, Z., Miyata, S.,
Nishikata, A., Siroma, Z., Uchimoto, Y.,
Yasuda, K., Kimijima, K.I., and

Iwashita, N. (2007) Chem. Rev., 107,
3904-3951.

Zhang, S., Shao, Y.Y,, Yin, G.P, and Lin,
Y.H. (2010) Angew. Chem. Int. Ed., 49,
2211-2214.

Wu, G., More, K.L., Johnston, C.M., and

Zelenay, P. (2011) Science, 332, 443—447.

Lefevre, M., Proietti, E., Jaouen, F,, and
Dodelet, J.P. (2009) Science, 324, 71-74.
Gong, K.P, Du, F, Xia, Z.H,,

Durstock, M., and Dai, L.M. (2009)
Science, 323, 760-764.

Yu, D., Nagelli, E., Du, E, and Dai, L.
(2010) J. Phys. Chem. Lett., 1,
2165-2173.

20.

21.

22.

23.

24,

25.

Zhang, S., Shao, Y.Y,, Yin, G.P, and

Lin, Y.H. (2009) J. Mater. Chem., 19,
7995-8001.

Pandolfo, A.G. and Hollenkamp, A.F.
(2006) J. Power Sources, 157, 11-27.
Su, D.S., Perathoner, S., and Centi, G.
(2013) Chem. Rev., 113, 5782—-5816.
Huang, C,, Li, C., and Shi, G. (2012)
Energy Environ. Sci., 5, 8848 —8868.

Liu, J., Xue, Y., Zhang, M., and Dai, L.
(2012) MRS Bull., 37, 1265—1272.

Su, D.S. and Centi, G. (2013) J. Energy
Chem., 22, 151-173.

Zhang, J., Guo, C., Zhang, L., and

Li, C.M. (2013) Chem. Commun., 49,
6334-6336.

Antoine, O. and Durand, R. (2000) /.
Appl. Electrochem., 30, 839—844.
Zecevic, S.K., Wainright, J.S., Litt, M.H.,
Gojkovic, S.L., and Savinell, R.F. (1997) J.
Electrochem. Soc., 144, 2973 -2982.
Markovi¢, N.M., Gasteiger, H.A., Grgur,
B.N., and Ross, P.N. (1999) J. Electroanal.
Chem., 467, 157 —-163.

Gochi-Ponce, Y., Alonso-Nunez, G., and
Alonso-Vante, N. (2006) Electrochem.
Commun., 8, 1487 —-1491.

Davis, R.E., Horvath, G.L., and Tobias,
C.W. (1967) Electrochim. Acta, 12,
287-297.

Zinola, C.F,, Castro Luna, A.M., Triaca,
W.E., and Arvia, A.J. (1994) J. Appl.
Electrochem., 24, 531—-541.

Paliteiro, C., Hamnett, A., and
Goodenough, ].B. (1987) J. Electroanal.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Chem. Interfacial Electrochem., 233,
147 -159.

Sudrez-Alcantara, K.,
Rodriguez-Castellanos, A., Dante, R.,
and Solorza-Feria, O. (2006) J. Power
Sources, 157, 114—120.

Paulus, U.A., Schmidt, T.J., Gasteiger,
H.A., and Behm, R.J. (2001) /. Elec-
troanal. Chem., 495, 134—145.

Liang, Y., Wang, H., Zhou, J., Li, Y,
Wang, J., Regier, T., and Dai, H. (2012) J.
Am. Chem. Soc., 134, 3517 -3523.
Zhang, S., Shao, Y., Yin, G., and Lin, Y.
(2011) Appl. Catal., B, 102, 372-377.
Shao, Y.Y,, Yin, G.P., Wang, H.H.,

Gao, Y.Z., and Shi, P.F. (2006) J. Power
Sources, 161, 47-53.

Wang, C., Waje, M., Wang, X., Tang,
J.M., Haddon, R.C., and Yan, Y.S. (2004)
Nano Lett., 4, 345—-348.

Zhang, S., Shao, Y.Y,, Li, X.H., Nie, Z.M,,
Wang, Y., Liu, J., Yin, G.P, and Lin, Y.H.
(2010) J. Power Sources, 195, 457 —460.
Geng, D, Liu, H,, Chen, Y,, Li, R,,

Sun, X,, Ye, S., and Knights, S. (2011)

J. Power Sources, 196, 1795—-1801.
Wang, Z., Jia, R., Zheng, J., Zhao, J.,

Li, L., Song, J., and Zhu, Z. (2011) ACS
Nano, 5, 1677 -1684.

Xu, X, Jiang, S., Hu, Z., and Liu, S.
(2010) ACS Nano, 4, 4292—-4298.

Shao, Y., Suj, J., Yin, G., and Gao, Y.
(2008) Appl. Catal, B, 79, 89—99.

Jin, C., Nagaiah, T.C., Xia, W,
Spliethoft, B., Wang, S., Bron, M.,
Schuhmann, W., and Muhler, M. (2010)
Nanoscale, 2, 981—-987.

Dai, L. (2013) Acc. Chem. Res., 46,
31-42.

Xiang, Z., Cao, D., Huang, L., Shui, J.,
Wang, M., and Dai, L. (2014) Adv.
Mater., 26, 3315-3320.

Xiang, Z., Xue, Y., Cao, D., Huang, L.,
Chen, J., and Dai, L. (2014) Angew.
Chem. Int. Ed., 53, 2433—2437.

Zheng, Y., Jiao, Y., Chen, J., Liy, J.,
Liang, J., Du, A., Zhang, W., Zhu, Z.,
Smith, S.C., Jaroniec, M., Lu, G.Q., and
Qiao, S.Z. (2011) J. Am. Chem. Soc., 133,
20116-20119.

Wang, L., Ambrosi, A., and Pumera, M.
(2013) Angew. Chem. Int. Ed., 52,
13818-13821.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

References

Liu, R.L., Wu, D.Q,, Feng, X.L., and
Mullen, K. (2010) Angew. Chem. Int. Ed.,
49, 2565—-2569.

Wang, X., Lee, ].S., Zhu, Q, Liy, J.,
Wang, Y., and Dai, S. (2010) Chem.
Mater., 22, 2178-2180.

Zhang, M. and Dai, L. (2012) Nano
Energy, 1, 514-517.

Wang, S., Yu, D., and Dai, L. (2011) /.
Am. Chem. Soc., 133, 5182-5185.

Yu, D., Zhang, Q., and Dai, L. (2010) /.
Am. Chem. Soc., 132, 15127-15129.
Chen, S, Bi, ], Zhao, Y., Yang, L.,
Zhang, C., Ma, Y., Wu, Q., Wang, X,,
and Hu, Z. (2012) Adv. Mater., 24,
5593-5597.

Feng, L., Yan, Y., Chen, Y., and Wang, L.
(2011) Energy Environ. Sci., 4,
1892-1899.

Qu, LT, Liy, Y., Baek, J.B., and Dai,
L.M. (2010) ACS Nano, 4, 1321-1326.
Shao, Y.Y., Zhang, S., Engelhard, M.H.,
Li, G.S., Shao, G.C., Wang, Y., Liu, J.,
Aksay, LA, and Lin, Y.H. (2010) /
Mater. Chem., 20, 7491 -7496.

Tang, Y., Allen, B.L., Kauffman, D.R., and
Star, A. (2009) J. Am. Chem. Soc., 131,
13200-13201.

Lyth, S.M., Nabae, Y., Moriya, S.,
Kuroki, S., Kakimoto, M.-A., Ozaki,
J.-I, and Miyata, S. (2009) J. Phys. Chem.
C, 113, 20148-20151.

Chen, Z., Higgins, D., and Chen, Z.
(2010) Carbon, 48, 3057 —3065.

Mo, Z., Liao, S., Zheng, Y., and Fu, Z.
(2012) Carbon, 50, 2620-2627.

Sidik, R.A., Anderson, A.B.,
Subramanian, N.P., Kumaraguru, S.P,
and Popov, B.N. (2006) J. Phys. Chem. B,
110, 1787-1793.

Wiggins-Camacho, ].D. and Stevenson,
K.J. (2009) J. Phys. Chem. C, 113,
19082-19090.

Niwa, H., Kobayashi, M., Horiba, K.,
Harada, Y., Oshima, M., Terakura, K.,
Ikeda, T., Koshigoe, Y., Ozaki, J.-I.,
Miyata, S., Ueda, S., Yamashita, Y.,
Yoshikawa, H., and Kobayashi, K. (2011)
J. Power Sources, 196, 1006—1011.
Czerw, R., Terrones, M., Charlier, J.C.,
Blase, X., Foley, B., Kamalakaran, R.,
Grobert, N., Terrones, H., Tekleab, D.,
Ajayan, PM., Blau, W., Rihle, M.,

15



16] 1

60.

61.

62.

63.

64.

65.

66.

Heteroatom-Doped Carbon Nanotubes as Advanced Electrocatalysts

and Carroll, D.L. (2001) Nano Lett.,

1, 457 -460.

Yang, L., Jiang, S., Zhao, Y., Zhu, L.,
Chen, S., Wang, X., Wu, Q,, Ma, J.,

Ma, Y., and Hu, Z. (2011) Angew. Chem.
Int. Ed., 50, 7132-7135.

Jeon, L.-Y., Choi, H.-]., Ju, M.]., Choi, L.T,,
Lim, K., Ko, J., Kim, H.K., Kim, J.C., Lee,
J.J., Shin, D., Jung, S.-M., Seo, J.-M., Kim,
M.-]., Park, N., Dai, L., and Baek, J.-B.
(2013) Sci. Rep., 3, 2260.

Zhang, L. and Xia, Z. (2011) J. Phys.
Chem. C, 115, 11170-11176.

Jeon, L-Y.,, Zhang, S., Zhang, L., Choi,
H.-J., Seo, J.-M., Xia, Z., Dai, L., and
Baek, J.-B. (2013) Adv. Mater., 25,
6138-6145.

Yang, Z., Yao, Z., Li, G, Fang, G,

Nie, H., Liu, Z., Zhou, X., Chen, X.A.,
and Huang, S. (2011) ACS Nano, 6,
205-211.

Yao, Z., Nie, H., Yang, Z., Zhou, X.,

Liu, Z., and Huang, S. (2012) Chem.
Commun., 48, 1027 -1029.

Liu, Z., Peng, F,, Wang, H., Yu, H,,

Tan, J., and Zhu, L. (2011) Catal.
Commun., 16, 35-38.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Jiao, Y., Zheng, Y., Jaroniec, M., and
Qiao, S.Z. (2014) J. Am. Chem. Soc., 136,
4394-4403.

Wang, S., Zhang, L., Xia, Z., Roy, A,
Chang, D.W., Baek, ].B., and Dai, L.
(2012) Angew. Chem. Int. Ed., 51,
4209-4212.

Wang, S., Iyyamperumal, E., Roy, A,
Xue, Y., Yu, D., and Dai, L. (2011)
Angew. Chem. Int. Ed., 50, 11756—11760.
Yu, D., Xue, Y., and Dai, L. (2012) J.
Phys. Chem. Lett., 3, 2863—2870.

Zhao, Y., Yang, L., Chen, S., Wang, X,
Ma, Y., Wu, Q, Jiang, Y., Qian, W., and
Hu, Z. (2013) J. Am. Chem. Soc., 135,
1201-1204.

Zheng, Y., Jiao, Y., Ge, L., Jaroniec, M.,
and Qiao, S.Z. (2013) Angew. Chem. Int.
Ed., 52, 3110-3116.

Xiong, W., Du, F, Liu, Y., Perez, A.,
Supp, M., Ramakrishnan, T.S., Dai, L.M.,
and Jiang, L. (2010) J. Am. Chem. Soc.,
132, 15839-15841.

Rao, C.V. and Ishikawa, Y. (2012) J. Phys.
Chem. C, 116, 4340-4346.

Feng, L.Y., Chen, Y.G., and Chen, L.
(2011) ACS Nano, 5, 9611-9618.



