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Non-doped CNTs were tuned to be an efficient ORR electrocatalyst by introducing topological
defects to localize the orbital of CNTs, which enables the enhancement of O, chemisorption and

the electrocatalytic activity.
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Abstract

Breaking the electron delocalization of sp2 carbon materials by heteroatom doping is a
practical strategy to produce metal-free electrocatalysts of oxygen reduction reaction (ORR) for
fuel cells. Whether carbon nanotubes (CNTs) can be efficiently tuned into ORR electrocatalysts
only by intrinsic defects rather than heteroatom doping has not been well studied yet in
experiment and theory. Here we introduce topological defects of non-hexagon carbon rings into
CNTs to break the delocalization of their orbitals, and make such type of CNTs to be a high-
performance ORR catalyst. The electrochemical tests and theoretical study indicate that the O,
chemisorption and the following electrocatalytic activity are promoted by the introduced
topological defects and show a strong dependence on the defect amount. Such topological-defect
CNTs (TCNTs) have an excellent ORR performance owing a 3.8-electron-transferring process,
~4 times higher current density and ~120 mV more positive peak potential than normally straight
CNTs. Moreover, TCNTs show a higher steady-state diffusion current density and much better
stability and immunity to crossover effect as compared with commercial Pt/C catalyst. Hence,
our results strongly suggest that tuning the surface structure of CNTs with non-hexagon carbon

rings is a novel strategy for designing advanced ORR electrocatalysts for fuel cells.
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1. Introduction

The oxygen reduction reaction (ORR) commonly catalysed by the Pt-based electrocatalyst is
one of the most crucial processes limiting the electrochemical energy conversion in fuel cells'~.
Its sluggish electron-transfer kinetics requires high Pt loading to ensure the efficient operation of
the reaction system. Hence, the large-scale application of fuel cell is hampered by the very
limited reserves, high cost and inactivation by CO poisoning.3’4 To resolve this bottleneck, great
efforts have been devoted to exploring the advanced ORR catalysts to rival the commercial Pt/C

catalyst in activity and durability by reducing Pt loading with alloying or structural regulation,’”'*

13-20 21-43

non-Pt metals, or even metal-free species electrocatalysts.

The sp”-hybridized carbon materials have abundant free-flowing 7 electrons, which make
them potentially activate towards some reactions needing electrons, such as ORR. However, to
become an electrocatalysts for ORR, the inert m electrons in delocalization state need to be
activated. For example, doping carbon nanostructures with electron-rich nitrogen could
transform them into promising metal-free electrocatalysts for ORR.>2***3° It has been revealed
that the delocalization of & electrons can be broken by conjugating & electrons with the lone-pair
electrons donated by N dopants, thus O, molecules can be reduced on those positively charged C
atoms connected to N.*> In our recent work, it is revealed that for electron-deficient B-doped
carbon nanotubes (BCNTs), the delocalized m electrons can also be disturbed and activated for
catalysing ORR by the conjugation between the vacant 2p, orbital of B and the 7 system of C.*°
According to the experimental results and theoretical calculations, we have summarized two key
factors to transform sp® carbon into metal-free ORR electrocatalysts by doping: (1) breaking the

delocalization orbitals of sp® carbon to create charged sites favorable for O, adsorption

regardless of the electron-rich (N) or electron-deficient (B) dopant; and (2) activating the
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adjacent carbon = electrons for O, reduction. Based on these progresses, introducing electron-
rich and/or electron-deficient structures into CNTs should be a general route to prepare carbon-
based metal-free ORR electrocatalysts.

It is known that carbon nanotubes are composed entirely of sp’-bonded carbon atoms in a
hexagonal network and shown a smooth straight topography.** Relative to the carbon hexagon
structures, non-hexagon (e.g., pentagon, heptagon and octagon) structures introduced in CNTs

are considered as topological defects,”™’

which can bring a twisted morphology due to the
changed C-C bond length in the original orderly graphitic lattice.*® For example, the introduction
of pentagons to CNTs will produce a convex structure because of the longer C-C bond in
pentagon carbon rings, in contrast, heptagon or octagon gives a concave structure that results

49,50
d.™

from the shorter C-C bon It was predicted in theory, that a pentagon will induce acceptor-

like electronic states near the valence band, while a heptagon will induce donor-like electronic

states around the conduction band.’'

Intuitively, introducing topological defects into CNTs
would disturb the evenly distribution of the delocalized orbitals of hexagon-carbon materials,
finally enable them to be an ORR catalyst. In this study, topological-defect CNTs (TCNTs) were
facilely synthesized with ethanol as precursor. The experimental and theoretical studies reveal
that topological defects can break the inertness of CNTs and turn CNTs into excellent ORR
electrocatalysts. Electrochemical measurements show that, with increasing topological defect
density, the onset and peak potentials for ORR on CNTs shift positively and the current density
increases significantly, indicating a strong dependence of the ORR performance on topological

defect amount. These results demonstrate that, simply activating their & electrons by introducing

non-hexagon sp” carbon ring without using hazardous and poisonous heteroatom precursors,
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such as ammonia and organic boron, CNTs can be designed and optimized to be an advanced

metal-free ORR electrocatalyst.
2. Experimental section

Preparation of CNT samples

TCNTs were facilely synthesized at 650~850 °C by CVD method with environment-friendly
ethanol as precursor. The bimetallic Fe-Co supported on y-Al,Os as catalyst was obtained as
follows: 1.0 mmol Fe(NO3); and 2.0 mmol Co(NOs); were dissolved to 10 mL aqueous solution,
and then this mixed solution was dropped into 1g y-Al,Os until a paste-like mixture was obtained.
After dried at room temperature, the mixture was dehydrogenated at 450 °C in air for 5 h
calcination. The obtained solid block was grinded into powder of 60 mesh, and denoted as Fe-
Co/y-Al,O3. TCNTs were prepared as follows: 20 mg Fe-Co/y-Al,O; catalyst powder was placed
in the central part of a horizontal quartz tube in the furnace. After the reaction chamber was
evacuated and flushed with N, for three times to remove oxygen and moisture, the reactor was
heated to the reaction temperature at a rate of 10 °C min” in N,. 2 mL ethanol was then
introduced into the reaction zone by an injection pump and the flowing Ar of 1400 sccm in 20
min. After that, the reactor was cooled in N, and the dark spongelike product was obtained and
denoted as TCNTs-1, TCNTs-2 and TCNTs-3 corresponding to the three preparation
temperatures of 650, 750 and 850 °C. For comparison, CNTs were synthesized at the same
temperatures with benzene as precursor and denoted as CNTs-1, CNTs-2 and CNTs-3,
respectively. All CNT samples were refluxed in 6 M NaOH and 6M HCI aqueous solution at 110
°C for 4 h in turn to remove the Al,O3 support and metal catalysts, respectively. The purified
CNTs were thoroughly washed with distilled water until the pH value of the filtrate reached 7,

and then dried at 70 °C overnight for further study.



Page 7 of 27

Nanoscale

Characterization

Transmission electron microscopy (TEM) (JEOL-JEM-1005 at 100 kV), high-resolution TEM
(HRTEM) (JEM2010 at 200 kV), and Raman spectroscopy (Renishaw inVia Raman Microscope
with an argon-ion laser at an excitation wavelength of 514 nm) were used to characterize the
products.
Electrochemical measurements

Electrochemical measurements including cyclic voltammetry (CV), rotating disk electrode
(RDE) and rotating ring-disk electrode (RRDE) voltammetries were carried out at 25 °C with a
CHI 760C workstation (CH Instruments). Ag/AgCl and Pt wire served as reference and counter
electrodes, respectively. CV and RDE voltammetry were collected with a glassy carbon (GC)
electrode (3 and 5 mm diameter, respectively), and RRDE voltammetry were performed on a GC
disk electrode (5 mm diameter) surrounded by a Pt ring (6.5 mm inside diameter). The GC
electrode was modified as following. Simply, 1 mg sample was dispersed into 1 mL mixture of
water, ethanol and Nafion (DuPont, 5 wt%) with the volume ratio of 1 : 3.85 : 0.15 by
ultrasonication and a suspension with a concentration of 1.0 mg mL™" was obtained. Then 20 puL
of this ink was dropped onto the GC disk intermittently and dried thoroughly in air for 12 hours.
ORR evaluation was performed in 0.1 M NaOH electrolyte saturated and protected by O,. For
comparison, commercial Pt/C (20 wt% Pt loading, Johnson Matthey) catalyst was also used in
the electrochemical tests. O,-stripping experiments were conducted in 0.1 M NaOH solution
which was purged with nitrogen for 30 min and then bubbled with O, gas (99.99%) for 45 min
for O, adsorption on catalysts. The residual O, in the solution was subsequently removed by N,
purging for 60 min. The O,-stripping CV curves were recorded at a scan rate of 5 mV s™. The

40000 s steady-state chronoamperometric response was tested at the polarizing potential of -0.3
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V in the O,-saturated electrolyte by bubbling O, into the electrolyte with a flow of 30 sccm. At
1200 or 520 s in the steady-state chronoamperometric tests, 1.0 mL methanol or 30 sccm flow of
CO (or N,) was introduced into the electrolyte to examine the methanol crossover.
Computational Details

DFT calculation was performed on armchair (5,5) single-walled CNT model (CNT(5,5)) and
CNT(5,5) with pentagon/heptagon structures (PCNT(5,5)/HCNT(S,5)). Metallic armchair (5,5)
single-walled CNT with length of 5 unit cells and diameter of 6.85 A was used in the theoretical
calculations. The terminal sites of the nanotubes were saturated with hydrogen atoms in order to
avoid the edge effect. Theoretical calculations based on DFT were carried out with Gaussian09
package.”> The geometrical optimizations were performed using DFT method with Becke’s
hybrid three parameter nonlocal exchange functional combined with the Lee-Yang-Parr gradient

corrected correlation functional (B3LYP).”*” The 6-31G (d,p) basis set was employed for all the

elements. The adsorption energy (E,q) for a triplet O, on nanotube was calculated as Equation (1):

E, =E.,;+ EO2 — ECNT—02 Equation (1)

3. Results and discussion

We consider that C,HsOH can be readily decomposed into a number of carbon containing
gases, such as CHy, CO, C;H; and C,Hy4 at high temperature. This will result in the different
growth rate of CNTs at the same cross section level, which can deform the graphite of CNTs and
introduce the curvatures containing pentagon, heptagon and octagon structures.”® As shown in
Figure 1 and S1 in Electronic Supplementary Materials, all the TCNTs samples show similar
diameters of 20~30 nm with the wall thickness of 7~10 nm. Compared with straight CNTs

(Figure 1g, h), TCNTs present twisted morphologies with apparent convex and concave
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structures. Moreover, the nanotubes evolve from freshwater algae-like (TCNTs-1, Figure la, b)
to bamboo-like (TCNTs-2, Figure lc, d) and eventually to twining vine-like (TCNTs-3, Figure
le, f) morphology. These convex and concave structures are definitely produced by the
topological defects, because the only possible heteroatom oxygen doping could be excluded by

the XPS analysis (S2 in Electronic Supplementary Materials).

Although any obvious diffraction changes in XRD were not witnessed (S2 in Electronic
Supplementary Materials), the introduction of non-hexagon structures into CNTs could lead to
the broken symmetry of graphite, and thus induce an increased D band in Raman spectra. As
shown in Figure 2a, the three TCNT samples (black lines) show a much stronger D mode than
the straight CNT ones (gray lines), and hence a higher ratio of D mode to G mode intensities
(In/Ig) is obtained for TCNTs (Figure 2b). In detail, for the straight CNT samples, the ratio of
Ip/Ig decreases gradually from 0.62 (CNTs-1), 0.58 (CNTs-2) to 0.43 (CNTs-3) with increasing
the preparation temperature due to the improved crystallization degree of graphitic structure. In
contrast, the Ip/Ig for TCNTSs increases from 0.92 (TCNTs-1), 1.18 (TCNTs-2) to 1.32 (TCNTs-
3), arisen from the increasing topological defect density in TCNTSs. These results indicate that the
CNTs with topological defects have been successfully achieved, and the topological defect
density has been continuously modulated.

To reveal the effect of topological defects on the electron distribution, we performed DFT
calculation on pristine and defected CNT models by the frontier molecular orbital analysis, as
shown in Figure 3 (S3 in Electronic Supplementary Materials). It is found that the orbitals of the
pristine CNT(5,5) delocalize and distribute uniformly over the whole surface of nanotube (Figure
3a). When one pentagon is introduced to CNT(5,5), the distribution of orbitals does not show

much apparent change (PCNT(5,5), as shown in Figure 3b). Interestingly, double pentagons can
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give a great disturbance to these delocalized orbitals, presented by the concentrated distribution
with pentagons as center and ridge (dPCNT(5,5), Figure 3c). And this orbital evolution is the
same in the case of heptagons (Figure 3d,e). The results suggest that topological defects can
break the delocalization of orbitals on CNTs and promote the orbital localization, which play the
same role to the heteroatom doping and may be favorable for the O, adsorption and dissociation
in ORR process.

The electrocatalytic ORR activities of TCNT and CNT samples were first evaluated by CV in
0.1 M NaOH at a scan rate of 50 mV s (Figure 4a). For all the CNT samples, two weak
reduction peaks at around -0.32/-0.7 V are observed and the highest peak current density is only
0.55 mA cm™ on CNTs-1, indicating a predominant 2-electron transfer process for the ORR.”’
With topological defects, TCNTs present a greatly enhanced activity, reflected by one sharp peak
in CV curves with the highest about four fold current density (2.12 mA cm?) and a more
positively shifted potential by ~ 120 mV (at about -0.2 V) compared to that of the CNTs. The
peak current density noticeably increases from 1.12 (TCNTs-1), 1.35 (TCNTs-2) to 2.12 mA cm’
2 (TCNTs-3), and the corresponding peak potential also shows a gradually positive shift from -
0.22, -0.21 to -0.20 V, which indicates the strong dependence of the ORR performance on
topological defect density of TCNTs. The electrocatalytic activity of TCNTs-3 was compared
with commercial Pt/C in both CV and RDE voltammetries (Figure 4b, ¢ and S5 in Electronic
Supplementary Materials). In Figure 4b, it is seen that the net current density caused by the ORR
on TCNTs (1.83 mA cm?) is higher by 0.19 mA cm’ than that on Pt/C (1.64 mA cm™), although
Pt/C catalyst has positive peak potentials as well as a higher ORR peak current density of 3.65
mA cm™ than TCNTs-3 (2.12 mA c¢cm™) based on a much stronger background current. The

following RDE voltammetry shows that the steady-state diffusion current density at -0.35 V is

10
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4.68, 4.18 and 0.98 mA cm™ for TCNTs-3, Pt/C and CNTs-3 catalysts, respectively (Figure 4c).
Though the present performance of TCNTs is not yet as good as the Pt/C catalyst in the peak
potential, the proportional relationship between ORR performance and topological defect density
suggests the great potential of TCNTs for further improvement.

RRDE voltammetries were operated to determine the transferred electron number (n) per
oxygen molecule and the yield of H,O, in ORR, calculated by Equation (2) and (3),
respectively.”®
n=41/(I.+Ir/N) Equation (2)

%H,0,=100*(2Ir/N)/(I.+ Ir/N) Equation (3)

Where I is the faradic disk current and Ix is the faradic ring current, and the collection
efficiency N is 0.27 here. In Figure 5, n is calculated to be 2.2 (CNTs-1), 3.6 (TCNTs-1), 3.6
(TCNTs-2), 3.8 (TCNTs-3) and 3.9 (Pt/C), and the corresponding H,O; yield is 92.11%, 17.1%,
16.5%, 10.4% and 8.1% at -0.35 V. These results mean that much more O, molecules are
reduced through a 4 electron transfer process on TCNTs than on CNTs, and the O, reduction
process based on TCNTs is similar to that on Pt/C.

To understand the electrocatalytic activity for TCNTs, Os-stripping voltammetries were
developed and performed on TCNT catalysts (Figure 6). The corresponding CV curve for
TCNTs-1, TCNTs-2 and TCNTs-3 catalysts shows a single peak in the first scan (solid line),
whereas the peak disappears in the second scan (dashed line). This indicated that these peaks are
attributed to the dissociation of O, adsorbed on the catalysts. It is known that the adsorbed
amount of reactant is proportional to the total charge Q consumed during the reduction of these
adsorbed molecules, i.e. to the integral of the reduction current i over the potential range of

reduction Egy (Es) to Ecng (Ec) according to the Equation (4):

11
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@ Equation (4
0= jj idE = nFAT quation (4)

Where n is the number of electrons in the electrode reaction, F is the Faraday constant, A is the
surface area of the electrode (0.071 cm?) and T is the surface concentration of the adsorbed
species. Q value obtained by integration is 6.8 (TCNTs-1), 8.2 (TCNTs-2) and 10.5 pC (TCNTs-
3), and the corresponding T is then calculated to be 2.61x107°, 3.16x10™'° and 4.02x10"° mol
cm™. Obviously, the order of T is consistent with the change of the topological defect density of
TCNTs (Figure 3). Therefore, topological defect structure of TCNTs can facilitate the O,
adsorption, and this provides the precondition for the subsequent O, dissociation, which is
further understood through the theoretical calculation.

We performed DFT calculation to reveal the O, side-on adsorptions to CNTs and TCNTs
models (Figure 7 and S6&7 in Electronic Supplementary Materials). Although the C-O bond
lengths change no much (< 0.03 A), the absolute value of O, binding energy (BE) decreases
greatly when doping the CNT with pentagon or heptagon. For example, BE for O, on CNT(5,5)
is -1.01 eV, which declines to -0.44 eV on PCNT(5,5) and -0.41 eV on HCNT(5,5) (the negative
value indicates the unfavorable barrier to overcome when the adsorption occurs®®’). For
dPCNT(5,5)/dHCNT(S,5), surprisingly, the O, adsorptions are favorable with positive BE values
(0.16/0.21 eV). The energy gaps between HOMO and LUMO (Egomo-Lumo) of various CNT
model catalysts were calculated. We find that the introduction of pentagons or heptagons shrinks
the Egomo.Lumo from 1.52 eV (CNT(5,5)) to 1.15 eV (dPCNT(5,5)) or even to 0.51 eV
(dHCNT(5,5)), which greatly favors the reactivity of the CNTs. Therefore, CNTs with more
pentagons or heptagons are more likely to activate O, with much lowered energy barriers to

overcome for O, chemisorption.

12
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The electrocatalytic stability for the electrocatalysts was investigated by the
chronoamperometric responses at the same polarizing potential of -0.3 V (Figure 8). It is learnt
that the currents for the three electrocatalysts of Pt/C, TCNTs-3 and CNTs-3 reach a relatively
stable state after a brief transient period. The current densities follow the order of TCNTs-
3>Pt/C>CNTs-3, which is consistent with the RDE results (Figure 4c). A slight deterioration of
Pt occurs after a continuous 30000 s scan, while the currents for both TCNTs-3 and CNTs-3
electrodes keep almost the same level after 40000 s tests, which indicates a superior stability of
TCNTs to Pt/C catalysts. These results also suggest that the introduction of topological defect
structure would not destroy the stability of CNTs.

In addition to the electrocatalytic activity and long-term stability for ORR, methanol crossover
and CO poisoning are another main challenge in fuel cells. The chronoamperometric responses
to the methanol or CO introduced into the O,-saturated electrolyte were performed for TCNT
and Pt/C catalysts, as shown in Figure 8. After the addition of 1.0 mL methanol, the ORR current
for TCNT catalyst did not show obvious change; in contrast, the ORR current for Pt/C catalyst
decreased sharply and even lowed to a negative current due to the mixed potential (Figure 9a).”'
When CO with the same flow of O, was introduced, the ORR current for Pt/C was greatly
weakened by ~25.7%, much larger than the decrease by ~11.1% for TCNTs (Figure 9b). By
introducing N, to replace CO, the ORR current for Pt/C decreased only by ~9.9%, much smaller
than ~25.7% for the case of CO, while the decrease for TCNTs kept the same level as the case of
CO (~11.1%). Thus, the study results proved that the great current decrease for Pt/C mainly
resulted from the CO poisoning, while the small one for TCNTs from the decreased solubility of

62,63

O, in the electrolyte due to the decreased partial pressure of O, (Henry’s Law). This indicates

13
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that Pt/C catalyst is sensitive to methanol and CO poisoning, while TCNTs maintain a high

stability and immunity.

4. Conclusions

A new kind of metal-free electrocatalysts of pristine CNTs with topological defects have been
developed that exhibit quite a good performance for the ORR in electrocatalytic activity, stability,
and immunity towards methanol crossover and CO poisoning. The electrocatalytic performances
are improved progressively with increasing topological defect density, as reflected by the
increasing reduction current density and the positively shifted peak potentials. The good
performance of the TCNT catalysts mainly come from 1) the introduction of topological defect
breaks the delocalization of orbital and promotes the formation of localized orbital on CNTs; ii)
the localized orbital is favorable for the O, adsorption and the subsequent O, dissociation. This
work suggests that apart from doping heteroatom into CNTs, tuning the surface structure of
CNTs with non-hexagon carbon structure is a novel and efficient way for exploring advanced

metal-free ORR electrocatalysts.
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Figures and Captions

Figure 1. TEM (a, c, e, g) and HRTEM (b, d, f, h) images of TCNTs and CNTs. TCNTs-1 (a,b),
TCNTs-2 (c,d), TCNTs-3 (e,f) and CNTs-3 (g,h).
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Figure 2. Raman spectra and derived parameters. (a) Raman spectra for CNTs (gray lines) and

TCNTs (black lines). (b) The derived profile of Ip/Ig versus the preparation temperature.
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Figure 3. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) plots of (a) the pristine CNT(5,5), (b,c) single or double pentagon(s)-doped
CNT(5,5) (PCNT(5,5), dPCNT(5,5)), and (d,e) single or double heptagon(s)-doped CNT(5,5)
(HCNT(5,5), dHCNT(5,5)) with their eigenvalues.
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Figure 4. Electrocatalytic tests of PCNT, CNT and Pt/C catalysts for the ORR in O,-saturated

0.1 M NaOH electrolyte. (a,b) CV curves (scan rate 50 mV s™). (c) RDE voltammetry with a

rotation speed of 2500 rpm (scan rate 10 mV s™).
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Figure 5. RRDE voltammetries of ORR for TCNTs, CNTs and Pt/C in O;-saturated 0.1 M
NaOH electrolyte at a rotation rate of 2000 rpm and a scan rate of 5 mV s™. During the tests, Pt

ring electrode is polarized at 0.5 V.
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Figure 6. O,-stripping voltammetry curves for TCNTs-1, TCNTs-2 and TCNTs-3 catalysts in

0.1 M NaOH with a scan rate of 5 mV s\
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Figure 8. The steady-state chronoamperometric response at the polarizing potential of -0.3 V in
the O,-saturated electrolyte for TCNTs-3, CNTs-3 and Pt/C catalysts. The dotted lines are given

as horizontal reference to investigate the changes of current signals.
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Figure 9. The steady-state chronoamperometric responses in the O,-saturated electrolyte for

TCNTs-3 and Pt/C (20 wt% Pt loading) catalysts. (a) Methanol crossover tests by introducing 1.0

mL methanol into the electrolyte at 1200 s. (b) CO poisoning tests by introducing additional 50
V% CO into the electrolyte at 520 s (red). Parallel experiments for TCNTs-3 and Pt/C catalysts

are carried out by replacing CO with N, (green).
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