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Catalytic Twist-Spun Yarns of Nitrogen-Doped Carbon

Nanotubes

Xavier Leprd,*
Mauricio Terrones, and Ray H. Baughman

The treatment of free-standing sheets of multiwalled carbon nanotubes
(MWNTs) with a NH3/He plasma results in self-supporting sheets of aligned
N-doped MWNTs (CN,). These CN, sheets can be easily twist spun in the
solid state to provide strong CN, yarns that are knottable, weavable, and
sewable. The CN, yarns exhibit tunable catalytic activity for electrochemically
driven oxygen reduction reactions (ORR), as well as specific capacitances (up
to 39 F-g') that are 2.6 times higher than for the parent MWNTs. Due to a
high degree of nanotube alignment, the CN, yarns exhibit specific strengths
(451 £ 61 MPa.cm3.g7") that are three times larger than observed for hybrid
CN,/MWNT biscrolled yarns containing 70 wt.% CN, in the form of a powder.
This difference in mechanical strength arises from substantial differences in
yarn morphology, revealed by electron microscopy imaging of yarn cross-
sections, as well as the absence of a significant strength contribution from
CN, nanotubes in the biscrolled yarns. Finally, the chemical nature and
abundance of the incorporated nitrogen within the CN, nanotubes is

studied as function of plasma exposure and annealing processes using

X-ray photoelectron spectroscopy and correlated with catalytic activity.

1. Introduction

Carbon nanotubes (CNTs) exhibit high specific strengths and
combination of properties that make them attractive for fab-
rication of multifunctional yarns and fibers.!3l Traditional
routes for making carbon nanotube fibers involve solution
or melt-based spinning of unoriented nanotubes that are dis-
persed in polymer-containing liquid or melt.! While some of
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these methods can be applied to various
derivitized and substitutionally doped
nanotubes, low accessible degrees of nano-
tube alignment, degradation of nanotube
length during nanotube dispersion, and
low nanotube concentrations can severely
limit mechanical properties and electronic
transport.>¢ Additionally, the presence of
a polymer matrix can restrict fiber multi-
functional performance for such applica-
tions as for catalysis and electron field
emission.’]

Two main methods have been devel-
oped for the dry-state fabrication of
aligned carbon nanotube yarns. The first
one involves synthesis of CNTs in the gas
phase using a floating catalyst method,
collection of these largely unoriented
nanotubes as an aerogel phase, and yarn
draw from the aerogel.!'¥ Yarn stretch
and densification by twist insertion or
using surface tension effects can result in
partially oriented yarns having attractive
mechanical properties.''] The second method involves the use
of tightly controlled synthesis conditions to provide the special
topologies needed to make CNT forests that are drawable into
sheets or yarns.¢12716 From the edges of these special forests,
aerogel-sheets of highly aligned CNTs can be easily drawn and
eventually transformed into pure-CNT yarns by twist insertion
using spinning methods like those used to make wool yarns.

The relative chemical inertness of yarns made of undoped
CNTs limits their use for catalysis. However, recent research
has demonstrated that N-doped CNTs (CN,) have attractive cat-
alytic properties for the oxygen reduction reaction (ORR),[17-2%
which may become important for decreasing the costs of fuel
cells and metal-air batteries by eliminating the need for expen-
sive noble metals.?!l More specifically, weavable yarns made of
CN, could find applications in the medium term as woven tex-
tile electrodes for fuel cells and metal-air batteries.

Direct spinning of doped CNTs from forests of nitrogen-
doped CNT forests has not been reported, which is not sur-
prising since the usual synthesis conditions??~28l for producing
doped forests can interfere with the narrow set of conditions
needed to provide forest “drawability”. One way to obtain CN,-
containing yarns that are highly catalytic is to incorporate CN,
nanotubes as a guest powder in the spirals of a host carbon
nanotube yarn using the newly invented “biscrolling” tech-
nology.?!l However, while biscrolled yarns can be weavable,
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knittable, sewable, and washable, the presence of the CN,, nano-
tube powder decreases yarn mechanical strength.

Post-synthesis doping is an alternative route to N-dope
CNTs, which we will explore as a method for fabricating high
strength, catalytic yarns containing only nitrogen doped nano-
tubes. Generic approaches consist in exposing the CNTs to
highly reactive species of the desired dopant either aided by the
use of high temperatures (1250-1350 °C),12>3% ion implanta-
tionl3132 or plasma.®¥l Here, we demonstrate that treatment on
a free-standing CNT sheet stack with a NH;/He plasma results
in free-standing sheets of aligned CN,, which can be twist
spun into strong yarns that are catalytic for electrochemically
driven ORR. The effects of plasma treatment time and thermal
annealing on catalytic activity were investigated. The catalytic
performance of this new type of catalytic yarn was compared
with that for biscrolled yarns prepared using as guest CN,
doped during nanotube synthesis (s-CN,). The influence of the
method used for yarn preparation on the yarn-morphology and
the effects of this morphology on yarn mechanical properties
were also analyzed.

2. Results and Discussion

The carbon nanotube sheets used in the present work were
drawn from ~350 um high forests comprising multiwalled
carbon nanotubes (MWNTS) that have an outer diameter of
~9 nm, contain ~6 walls, and form large bundles.?!! Aligned
stacks of N-doped MWNT (CN,) sheets were prepared by
exposing free-standing MWNT sheets to a NH;/He plasma
(using a 100 W RF source, 0.9 vol.% NH; and 900 mtorr total
pressure). Plasma treatment times of up to 20 minutes were
used; longer times were avoided because the mechanical integ-
rity of the MWNT sheets began to degrade due to excessive
CNT etching. Interestingly, when the plasma gas does not con-
tain NHj3, the pure He plasma highly degrades the structural
integrity of MWNT sheets in much shorter time (5 minutes)
and the nanotube sheets are completely etched away in less
than 10 minutes of plasma exposure.

Despite the harsh conditions that the NH;/He plasma treat-
ment provides, we found that 10 minutes of plasma treatment
decreased the areal density (1g-cm™) of the MWNT sheets by
only 17%. This result was obtained by comparing the sheet
absorbance at A = 550 nm before and after plasma treatment.
Morphology studies on the plasma treated MWNT sheets using
scanning and transmission electron microscopy (SEM Zeiss
Supra 40 and TEM JEOL 2100) indicate that the overall prefer-
ential alignment of CNTs is not noticeable changed; neverthe-
less changes in the surface of the CNTs were indeed observed.
TEM images of tubes before and after the plasma treatment
(Figures 1A-B, respectively) show the presence of amorphous-
like material deposited on the outermost walls of the tubes
as an apparent result of partial plasma etching. Moreover,
micro-Raman spectra measurements (using a non-polarized
laser at A = 514 nm) (Figure 1C) show that loss of intrashell
order increases with increasing plasma exposure times. D and
G-band positions, their full width at half maximum (FWHM)
and integrated intensities were obtained by applying mixed
Gaussian-Lorentzian curve fitting to representative Raman
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Figure 1. TEM images of CNTs before (A) and after (B) 10 minutes
of exposure to the NH3/He plasma. The increased surface roughness
in (B) is related to the decrease in inter-nanotube order as a result of
plasma treatment. C) Intensity normalized Raman spectra (A =514 nm)
of plasma generated CN, (p-CN,) for different plasma exposure times.
Inset: D-band FWHM versus Raman disorder parameter for CNTs before
and after plasma treatment.

spectra for each sample. Results were obtained by averaging
measurements for at least three different areas for each
plasma exposed and unexposed sheet. The ratio between the
integrated intensity of the ~1350 cm™ D-band to that for the

Adv. Funct. Mater. 2012, 22, 1069-1075


www.wileyonlinelibrary.com

M

www.MaterlalsVIews.com

first-order Raman modes located at ~1580 cm™ (Ey, or G-band)
for a 514 nm laser wavelengthB34 correlate with the amount of
defects existing within the nanotube shells.’> The evolution of
the integrated peak intensity ratio, Ip/Ig, from 0.87 for pristine
CNTs to 1.46 after 10 minutes of plasma treatment indicates
an increase of the degree of disorder in the nanotubes and a
decrease in the size of graphitic domains.[3*%

The FWHM of the D-band (Wp) is plotted as function of the
Raman-derived degree of disorder, Ip/(Ip + Ig),13% in the inset
of Figure 1C, which shows that these parameters for plasma
treated MWNTs are located in a well-defined coordinates region
that is well separated from the coordinates for the pristine
MWNTs. On the other hand, the surface order of the plasma
exposed MWNTS (or parameter for graphitization) reflected by
W7l decreased by only about 5 cm™ upon plasma treatment,
which lead to a fairly constant W/ Wy ratio of between 1.23
and 1.29 for plasma doping times between 2.5 and 20 minutes;
while undoped CNTs exhibit W/ Wp values

www.afm-journal.de

now been established, we will hereafter legitimately refer to
them as plasma doped CN,, or p-CN,,.

Detailed XPS spectra for the C 1s and N 1s electronic states
were acquired for p-CN,, produced using different plasma expo-
sure times. The BE of N 1s spectra were calibrated versus the
C 1s peak value,** and the nitrogen atomic ratio (N/C), at.%,
was calculated using the areas of the N 1s and C 1s signals
weighted by their individual sensitivity factors. Peaks asym-
metries indicate the existence of more than one chemical
species,l which can be identified by deconvoluting the peak
into multiple Gaussian curves.’¥) Shirley background was
substracted and the simulated FWHM was kept constant for
each signal in a given spectra. The data in Figure 2 shows that
the N/C ratio consistently increases with increasing plasma
exposure time, providing: 1.2, 1.8, 2.1, 2.6, and 4.5 at.% N
for 5, 7.5, 10, 15, and 20 minutes of plasma exposure, respec-
tively. Deconvolution of these N 1s main peaks allowed us to

of 0.94. Although this loss of MWNT sidewall
order provides indirect evidence suggesting
doping, since generated defects are expected
from incorporating foreign atoms, no large
shifts of the D- and G-bands were observed
upon plasma doping.*®3° However, small
peak shifts towards higher frequencies, appar-

5 min

ently uncorrelated to the plasma treatment
time, were found for both D (4 £ 1 cm™) and
G (8 £2 cm™) bands. The behavior observed
in these Raman spectra is consistent with
plasma processes that promote structural
defects and lead to low dopant concentra-
tions, but do not substantially affect the fre-

quencies of D and G bands.

Evidence for nitrogen doping in the NH;/
He plasma treated CNTs was then investi-
gated by X-Ray photoelectron spectroscopy
(XPS), since its sensitivity range is tenths
of atomic percent®”) and this method can

provide information about the chemical
states of individual atoms. XPS spectra were
recorded using an Al monochromatic source
(1486.6 eV and 350.0 W) with constant pass
energy of 29 eV. For analysis purposes the C
1s signal was assigned to a binding energy
(BE) of 284.6 eV.M# In addition to the

Intensity (a.u.)

expected C 1s peak, full-range survey scans
(Figure S1 in the Supporting Information) on
plasma-treated CNT sheets revealed another
main peak at 399 eV, corresponding to the
BE of N 1s electrons, which was not observed
in untreated CNTs. Evolution in intensity of
the O 1s main peak signal (~532.4 eV) was

also found for the NH;/He plasma treated
CNTs. The presence of this peak in XPS is
due to adsorbed oxygen contaminants on the
rough surface of plasma-treated CNTs*3l and
to the native SiO, layer on the Si wafer used
as substrate for the XPS analysis. Since the
N-doping in these plasma-treated CNTs has
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Figure 2. Deconvolution analysis for the N 1s peak in the XPS spectra of p-CN, as a function
of plasma doping time. N1 (black) and N2 (gray) curves stand for pyridinic N (pyr-N), and N
substitutionally bound to three carbon atoms (g-N), respectively.
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Figure 3. Atomic concentration of the main chemical species of nitrogen
identified in p-CN, as function of doping time, where N/(C+N) is an abbre-

viated designation for the atomic concentration of a particular N species
(pyr-N or g-N) divided by the total atomic concentrations of N and C.

identify chemically different types of N within the
p-CN, as: 1) pyridinic nitrogen, pyr-N, at a BE of
398.4-399.0 eV (where the N-atom contributes one
p-electron to the 7 system*+*l); 2) N substitution-
ally bonded to three neighboring carbon atoms in
a sp? hexagonal graphene networkl?l or quater-
nary N, g-N (BE of 399.9-401.9 eV).*”] This latter
BE region overlaps with that for NH, groups (BE
of 400.23-400.44 eV).[*l Relative concentrations of
these nitrogen species, N;/(Nt+C), as function of
doping time are summarized in Figure 3, where N;
is the atomic concentration for a particular specie
and N+C is the total atomic concentration of N
and C.

Having now demonstrated the feasibility of using
an NH;/He plasma method to dope CNTs with
nitrogen, we next assessed the possibility of practical
applications by determining the catalytic activity of
the resulting CN,, the mechanical strength of yarns
containing CN,, and other relevant properties, like
surface energy and gravimetric capacitance.

Since the presence of nitrogen doping alters
nanotube roughness (Figures 1A,B) and likely
changes surface energies, we examined the effect
of 10 minutes of plasma doping on nanotube sheet
surface tension, which is an important factor for
electrochemical applications. Figures 4A,B reveal a
slightly higher contact angle for a water droplet sup-
ported by a free standing p-CN, sheet (Figure 4B)
than for a sheet of pristine MWNTs. This indicates
that these plasma treated CNTs become slightly
more hydrophilic when compared to the undoped
material (Figure 4A).

We next describe the fabrication of p-CN, yarn
from p-CN, sheet obtained after doping a stack
of 4 MWNT sheets. After 10 minutes of plasma

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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treatment, a 4-mm-wide free-standing aerogel sheet of p-CN,
sheets (having an areal density of only ~5 pg-cm™2) was still
sufficiently strong to support a metal bar weighing 23 mg. This
metal bar (driven by a rotating magnetic field from a standard
magnetic stirrer plate) was used to twist the aerogel sheet into a
five-centimeter-long p-CN, yarn (Figure 4C). Such p-CN, yarns
(obtained by dry-state insertion of 1350 turns-m™' twist) have
a SEM-observed topology (Figure 4E), that is indistinguishable
from that of similarly prepared yarns of undoped MWNTs.

These p-CN, yarns can be easily sewn into textiles
(Figure 5C), woven, and knotted. The measured tensile specific
strength (i.e., strength normalized by linear mass density) for
p-CN, yarns is 451 + 61 MPa-cm?- g, which is 68% of the spe-
cific tensile strength obtained for similarly prepared single-ply
undoped MWNT yarn, 667 + 53 MPa-cm?-g™'. However, the
p-CN, yarns produced in this work are much stronger than
previously showed yarns prepared by biscrolling 70 wt.% s-CN,,
powder in a MWNT host, which have a specific strength of
138 MPa-cm?. g 1.2l

Liquid-driven densification that occurs during the prepara-
tion of biscrolled yarns containing s-CN, powder increases the
basic structural differences between the yarns and p-CN, yarns

Figure 4. Droplets of water on free-standing CNT sheets before (A) and after (B) NH;/He
plasma treatment for 10 minutes to produce a CN, sheet. C) A5 cm long CN, yarn obtained
by twist insertion into a plasma-treated free-standing sheet, showing at its lower end the
magnetic bar used to insert twist. D) A SEM image of a p-CN, dry-twisted yarn (left) linked to
a CN,-containing biscrolled yarn that was twist spun in liquid (acetone) (right). E,F) Higher
magnification SEM images of the sides of the above p-CN, and s-CN,-containing biscrolled
yarn, respectively. The barber pole type structure, evident in E, is consequence of the dual-
Archimedean scroll®'l that results from twist insertion in a nanotube sheet attached between
two rigid supports. Unless otherwise specified, here and elsewhere, plasma treatment time
of the sheet precursor for the dry-spun CN, yarns was 10 minutes.

Adv. Funct. Mater. 2012, 22, 1069-1075
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Figure 5. Cross-sectional SEM images prepared by ion milling of (A,B) a p-CN,-yarn obtained
by twist insertion in the dry-state and (D,F) a biscrolled s-CN, -containing yarn obtained by twist
insertion in the liquid state. Regions with higher nanotube density in (E,F) correspond to the
undoped MWNTs in the host sheet, while lower density regions correspond to the guest s-CN,
powder. C) Optical picture of a CN,-yarn (black) sewn into a cotton fabric. This yarn was made
by dry-state twist insertion into a p-CN, sheet doped for 12.5 minutes in a NH;/He plasma.

obtained by dry-state twist insertion (Figures 4D—F). SEM images
of the cross-sections of these CN,-yarns (prepared by Ga-ion beam
cutting and milling using a focused ion beam) (Figure 5A) show
that CN,, yarns prepared by dry-state twist insertion of plasma-
treated MWNT sheets have round cross sections and more homo-
geneously distributed nanotube density than the liquid processed
biscrolled yarns containing s-CN,, powder.

Figure 5A, B shows a 67 pm diameter p-CN,, yarn (inserted
twist of 3250 turns-m™!) with a density of ~0.2 g-cm™. This
density was estimated from the theoretically predicted nano-
tube bundle density of ~1.39 g-cm ™! and the measured yarn
linear density of 0.5 mg-m™! (equivalent to a nanotube areal
density of 10* CN,.-um™2), which provides a void fraction (Fyq)
of roughly 0.89. Yarn density can be tuned by controlling the
amount of inserted twist and by following dry-state twist inser-
tion with surface-tension-based liquid-produced densification.

Biscrolled yarns of s-CN,, on the other hand, have irregular
cross-sections (Figure 5D) and alternating zones of undoped
and N-doped nanotubes within a yarn cross-section, which
have different densities (Figures 5E,F). The existence of a com-
plex scroll structure formed by galleries of densified sheets of
~9 nm diameter undoped nanotubes holding ~50 nm diameter

Adv. Funct. Mater. 2012, 22, 1069-1075
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s-CN, nanotubes is result of non-ideal dual-
Archimedean scrolling.?!l Liquid-based den-
sification associated with twist insertion in
a liquid is capable of achieving the highest
degree of compaction (ca. 0.8 g-cm™,l
equivalent to a F,q of 0.42 and ~5 X
10 CNT-um™) for the MWNT sheet that
acts as host in the biscrolled yarn (Figure 5F).
Since the s-CN, nanotube powder is largely
unaligned, the volumetric density in the
guest region of the biscrolled yarn is much
lower (~0.14 g-cm™).

As shown by Lima et al.Pl s-CN,/CNT
yarns (90 wt.% s-CN, guest in a MWNT
host) inherit the catalytic properties of the
s-CN,, for catalyzing oxygen reduction in an
acidic electrolyte medium, by shifting the
onset potential +0.28 V with respect to that
for undoped MWNTs.l'% These results are
in good agreement with those of various
authors!'7~2% who have been extensively stud-
ying the electrochemical catalytic activity of
N-doped CNTs, and attributed it to the extent
of nitrogen doping within the CN,, (and more
importantly to the ratio of pyridinic to quater-
nary functionalities).

Based on these literature results,'-% incor-
poration of nitrogen is not per se sufficient to
assert catalytic behavior for the p-CN, yarns
prepared by the present plasma treatment
process. Therefore, we conducted cyclic vol-
tammetry (CV) on p-CN, yarns using a similar
setup to that used for measuring the catalytic
activity of s-CN,, powder in biscrolled yarns
(using Pt mesh as counter electrode and Ag/
AgCl/3 m NaCl as reference electrode in an
oxygen saturated 0.5 m H,SO, solution).?!l The
CV curves in Figure 6A show that the onset potential for oxygen
reduction shifts towards positive values as a function of plasma
doping time for the MWNTS, reaching a maximum of +0.24 V
after 10 minutes of plasma treatment, which is only 0.04 V lower
than obtained for presently tested biscrolled yarns containing
s-CN,. Catalytic activity for these p-CN, yarns is not lost after
200 cycles (Figure S2 in the Supporting Information) indicating
that the N-doping obtained is stable in the electrochemical system
described above. Plasma exposure times longer than 10 minutes
decreased the onset potential for ORR by p-CN, yarns; the longest
treatment time (20 minutes) exhibited an onset potential 0of 0.12 V,
which is close to the exhibited by undoped MWNT yarns.

This decrease in onset potential for oxygen reduction for
plasma treatment times above 10 minutes contrasts with the
observation that the atomic fraction of total N concentration
increases nearly monotonically with plasma treatment time, as
shown in Figures 2 and 3. However, the XPS measurements
indicate that the ratio of atomic percentages of pyridinic to sub-
stitutional N reached a maximum of 3.3 (Figure 3) for MWNTs
exposed to 10 minutes of plasma treatment. Longer plasma
treatment times increased the total amount of N by adding
mostly g-N species, stretching the ratio between the atomic
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Figure 6. Electrochemical characterization of p-CN, yarns. A) Cyclic vol-
tammetry curves at 5 mV-s™' for an undoped dry-twisted MWNT yarn
(black); a biscrolled yarn containing 90 wt.% s-CN, guest in a MWNT host
(light gray) and a p-CN, yarn (dark gray). The inset in (A) is the observed
shift in onset potential (denoted by the vertical lines) for the ORR as a
function of NH3/He plasma treatment time. B) The dependence of the
specific capacitance of p-CN, yarns as function of plasma treatment time.
Capacitance values were obtained by slope analysis of the curves I vs.
scan rate exhibited by the yarns for potentials in the range of 0.2-0.6 V (vs.
Ag/AgCl 3 m NaCl) using a 0.5 m H,SO, solution as electrolyte.

percentages of pyr-N to q-N. Thus, it appears that increasing
concentrations of non-pyridinic nitrogen can degrade catalytic
activity that is enhanced by pyridinic nitrogen.

Importantly, the specific capacitance of p-CN, yarns (shown
in Figure 6B) dramatically increased with the plasma treatment
time, from 14.7 F-g~! for undoped CNT yarns to 38.8 F-g! for
yarns made of 20 minute plasma treated MWNTs. This increase
in capacitance is likely caused by an increase of nanotube surface
area as a result of nanotube etching during plasma treatment.

In order to better resolve the convoluted peaks corresponding
to different chemical species in the N 1s XPS spectra shown in
Figure 2, thermal annealing treatments were performed on the
p-CN,, samples, which were inspired by the results of Xu et al.??
While the N 1s peak splitting was not readily observed, probably

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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due to relatively low annealing temperatures, consistent reduc-
tion of N/C abundances ratio was found for p-CN, annealed at
temperatures ranging from 200 °C to 500 °C (see Figure S3 in
the Supporting Information). N/C ratios decreased to below
1 at.% for all p-CN, annealed at 500 °C and the onset poten-
tial for oxygen reduction decreased to ~0.11 V independent of
the plasma doping time, thus indicating a loss of the previously
gained catalytic activity due to nitrogen doping.

3. Conclusions

We report a simple process for the conversion of highly oriented,
forest-drawn MWNT sheets into weavable, sewable, and knot-
table N-doped nanotube yarns that have high strength, catalytic
activity for oxygen reduction, and enhanced gravimetric capaci-
tance. Nitrogen doping was accomplished by exposure of the as-
drawn, self-supported MWNT sheets to a NH3/He plasma. For
N/C ratios as high as 2.6 at.%, this procedure enabled control of
N doping within the nanotubes without causing dramatic loss of
sheet or yarn strength. XPS measurements show the evolution
of dopant species as a function of plasma treatment time and
demonstrate that thermal anneal after doping at as low as 200 °C
can dramatically reduce total nitrogen concentration and essen-
tially eliminate catalytic performance enhancement. This cata-
lytic activity for oxygen reduction was maximized for a pyridinic
N concentration of ~1.8 at.% and high values of the concentra-
tion ratio of pyridinic to non-pyridinic N species, which was
obtained for 10 minutes of plasma treatment. Although longer
plasma treatment times increased the total concentration of
nitrogen, catalytic performance sharply degraded, likely because
the increasing concentrations of non-pyridinic species. The
p-CN, yarns produced by the plasma doping method has very
high specific strength (451 + 61 MPa-cm?-g™!) and a gravimetric
capacitance (up to 39 F-g™!) that was 2.6 times higher than for
similarly prepared undoped MWNT. Performance comparisons
with biscrolled yarns containing powder of N-doped nanotubes
showed a slightly higher potential for oxygen reduction for the
biscrolled yarn and a much higher strength for the N-doped
yarn made by plasma treatment and major structural differences
in the two types of catalytic yarns. Upon further enhancing cata-
Iytic performance, such as by optimizing the choice of plasma
gases, the strong twist-spun N-doped yarns made by the plasma
process might find application as flexible woven textiles for fuel
cells and for metal-air batteries.

4. Experimental Section

Nanotube Synthesis: The two different types of nanotubes used as
starting material in this work are: i) undoped, spinnable MWNT forests
synthesized by a seeded catalyst thermal chemical vapor deposition
(CVD) (by pyrolysing acetylene in an Ar/H, (15:2 v:v) atmosphere at
700 °C),?" and ii) N-doped MWNTs (s-CN,) that were doped during
synthesis using floating-catalyst CVD method (by pyrolysing a 2.5 wt.%
mixture of ferrocene, 1°-Fe(CsHs), and benzylamine, C;H;NH, in an Ar
atmosphere at 860 °C).[?

General Characterization Methods: Raman and XPS measurements
were performed on stacks of several layers (typically 20) of undensified
p-CN, or MWNT sheets placed on the surface of clean Si wafers (without
stripping their native oxide layer).

Adv. Funct. Mater. 2012, 22, 1069-1075
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Specific yarn tensile strength was obtained by using a 5 mm gauge
length and an elongation rate of 0.5 mm:min~" in a FAVIMAT tensile
tester. Specific strengths are reported to avoid errors due to the
measurement of cross-sectional area. They were computed by dividing
the rupture force (F) between the linear mass density of the yarn (p,
mass divided per length) or F/p;.

Yarn Cross-sections Preparation and Imaging: p-CN, and s-CN, biscrolled
yarns were cut across their diameters by a FIB FEI Nova 200 operated at
30 kV and 7 nA of beam current. After cut, the cross sections were ion-
polished over several micrometers along the yarn length by ion beam
currents ranging from 7.0 nA to 0.5 nA. Once the cleaning procedure
was finished, the yarns were transferred to 90° SEM holders (Ted Pella,
Inc.) with their cross-sections facing the incoming electron beam (SEM
Zeiss Supra 40) in order to perform detailed microscopic analysis.

Electrochemical Studies: s-CN, biscrolled yarns used as working
electrodes were prepared by twisting in liquid a stack of a MWNT sheet
with deposited s-CN, by wet filtration as described previousy in Lima
et al.?'l Undoped MWNT yarns with similar linear densities to s-CN,
biscrolled yarns (~15 pg-cm™') were achieved by stacking 8 layers of free
standing sheets and inserting twist in air; p-CN, yarns were produced in
a similar way. For electrochemical measurements, yarns were supported
at opposite ends to enable their submersion in the electrolyte (0.5 m
H,SO, aqueous solution) saturated with O, by air bubbling.
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