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Context and objectives of the project (reminder)

Single-walled carbon nanotubes (SWCNTSs) constitute a family of tubular molecules
having diameters in the nanometer range and made solely of carbon [1]. SWCNTSs have
received tremendous attention since their discovery due to the combination of exceptional
electrical, thermal and mechanical properties. SWCNTs can be either metallic or
semiconducting depending on their structure (also called chirality), they display electrical and
thermal conductivities an order of magnitude higher than copper and they are both very light
and extremely strong. SWCNTs are commonly produced by Catalytic Chemical Vapor
Deposition (CCVD) using metal nanoparticles that catalyze the decomposition of a gaseous
carbon source. The industrial development of nanotube-based technologies is presently
hindered by several synthesis-related issues. First, the SWCNT length and the production yield
are limited by the progressive deactivation of the catalyst particles during the CCVD process.
Second, SWCNTSs produced by CCVD usually display a lower structural quality and a higher
amount of defective carbonaceous impurities. Third, as-grown SWCNT samples are mixtures
of nanotubes of different chiralities and, therefore, different electrical properties.

The objectives of the project are to identify the chemical processes responsible for these
issues and to develop new growth strategies to limit or control them.

e Aim 1: identify the processes responsible for the growth termination and devise
strategies to increase the nanotube length,

e Aim 2: identify the processes responsible for the creation and healing of defects and
devise strategies to improve the structural quality of SWCNT samples,

e Aim 3: identify the processes responsible for the chiral selectivity and devise strategies
to improve the metallic/semiconducting ratio of SWCNT samples.

To address these goals, we propose to investigate the formation mechanism of SWCNTSs
using in situ Raman measurements in our recently built setup.

In addition to the original proposal, we proposed to investigate the formation mechanism
of SWCNTs using in situ Scanning Electron Microscopy in environmental mode at high
temperature (cf. email exchange with Program Officer Randall Pollak on 2014-01-30).



Results (abstract)

Our first study [1] was devoted to elucidate the interplay of catalyst thickness and
growth conditions in the activation and selectivity of single-walled carbon nanotube growth
using cobalt deposited on Si/SiO2 as a model system. In situ Raman studies revealed that thin
catalyst layers require a higher pressure of carbon precursor to initiate nanotube growth.
However, if the catalysts are pre-reduced, all catalyst thicknesses display the same low
threshold pressure and a higher yield of single-walled carbon nanotubes. To explain these
results, catalysts formed from a gradient of cobalt thickness were studied. Surface analyses
showed that during the catalyst preparation, catalyst atoms at the interface with silica form small
and hard-to-reduce silicate nanoparticles while the catalyst in excess leads to the formation of
large oxide particles. Weakly-reducing conditions of pretreatment or synthesis are sufficient to
reduce the large oxide particles and to lead to the growth of large-diameter multi-walled carbon
nanostructures. However, highly-reducing conditions are required to reduce the small silicate
domains into small cobalt particles able to grow single-walled carbon nanotubes. These results
show that reaction of the catalyst with the support to form more refractory compounds greatly
impact the nucleation yield and the growth selectivity of single-walled carbon nanotubes.

Our second study [2] was devoted to understand the chiral and diameter selectivity of
model catalyst systems such as Ni/SiO. and Co/SiO2. As previously, our approach was based
on systematic in situ and ex situ Raman investigations combined with post-growth analyses by
HRTEM. We studied the evolution of the diameter and chirality distribution of SWCNTSs with
the synthesis time using two different approaches: i) truly in situ Raman monitoring and ii) ex
situ Raman characterization of samples frozen at different times. In most cases, the diameter
distribution of SWCNTSs was observed to significantly evolve with time. The type of evolution
(e.g. toward smaller or larger diameters) strongly depends on the growth conditions and we
were able to map the different behaviors as a function of the growth domains. Post-growth
analyses by HRTEM were performed to determine the underlying processes. Three size-
dependent processes were found to affect the diameter distribution: catalyst ripening, nanotube
nucleation and catalyst encapsulation. Beside the evolution of diameter which is the most
noticeable process, we also studied how the evolution of the Raman spectra inform on the
evolution of the chirality distribution during CCVD.

Our third study was initially devoted to address the same questions as the second one
but at the individual nanotube level in order to suppress the averaging effect of ensemble
measurements and to obtain the direct relationship between kinetic selectivity and nanotube
chirality. Very few techniques are able to image individual CNTs in the conditions required for
their growth (high temperature under an atmosphere of carbon precursor). High-Temperature
Environmental Scanning Electron Microscopy (HT-ESEM) is potentially one of them. We were
able to grow aligned SWCNTs (using monocrystal quartz substrate to align the tubes during
their growth) in the HT-ESEM but the SWCNT growth in the HT-ESEM appeared to be too
rapidly deactivated (<1s) to allow one to measure its kinetics despite our numerous attempts at
finding more appropriate conditions. The main difference with standard CCVD growth being
the low pressure, we suspected that oxygen traces may be at the origin of the ultrafast
deactivation of SWCNT growth in the HT-ESEM. To investigate this, we performed a detailed
study of subjecting SWCNTSs to controlled amounts of oxygen at high temperature in the HT-
ESEM chamber. We observed that exposure to oxygen at temperatures above 450°C induces
defects along the nanotube walls causing the progressive cutting of nanotubes in many
disconnected segments. We also evidenced that the oxidation of semiconducting SWCNTS is
amplified by surface-trapped charges and e-beam exposure. We were thus able to provide a



detailed mechanism of the oxidation of SWCNTSs on substrates. This work is submitted for
publication [3].

These three studies are detailed in the annexes of this report.
Perspectives

Understand the origin of the chiral selectivity of SWCNT growth and devise strategies to
improve it are still topics of critical importance for the applications of SWCNTSs in the future.
The most sensible approach should rely on studies at the level of individual nanotubes to
directly probe the chiral selectivity - nanotube structure relationship. Despite many advantages,
in situ HT-ESEM is probably not the most appropriate method because it is extremely difficult
to suppress gaseous contaminant traces in the HT-ESEM chamber. This is the reason why we
are now developing another approach in order to image nanotube growth in normal CCVD
growth conditions under atmospheric pressure. This approach is based on a novel concept of
optical imaging of nanotubes on substrate initially developed by the Feng Wang group at
Berkeley and relying on an intense, directional white light source (supercontinuum) and a
polarization-enhanced contrast. In additional, this method also allows one to quickly determine
the structure of each nanotube based on its absorption spectrum. By combining this method
with our previous know-how of in situ studies by optical means, we wish to directly image
individual SWCNTs during their growth and to correlate their growth kinetics with their
individual structure.
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ABSTRACT

This study is devoted to elucidate the interplay of catalyst thickness and growth conditions
in the activation and selectivity of single-walled carbon nanotube growth using cobalt
deposited on Si/SiO, as a model system. In situ Raman studies reveal that thin catalyst lay-
ers require a higher pressure of carbon precursor to initiate nanotube growth. However, if
the catalysts are pre-reduced, all catalyst thicknesses display the same low threshold pres-
sure and a higher yield of single-walled carbon nanotubes. To explain these results, cata-
lysts formed from a gradient of cobalt thickness are studied. Surface analyses show that
during the catalyst preparation, catalyst atoms at the interface with silica form small
and hard-to-reduce silicate nanoparticles while the catalyst in excess leads to the forma-
tion of large oxide particles. Weakly-reducing conditions of pretreatment or synthesis are
sufficient to reduce the large oxide particles and to lead to the growth of large-diameter
multi-walled carbon nanostructures. However, highly-reducing conditions are required to
reduce the small silicate domains into small cobalt particles able to grow single-walled car-
bon nanotubes. These results show that reaction of the catalyst with the support to form
more refractory compounds greatly impact the nucleation yield and the growth selectivity
of single-walled carbon nanotubes.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction SWCNTs free of other undesired carbonaceous materials
(e.9. multi-walled carbon nanotubes, amorphous carbon).
The applications of single-walled carbon nanotubes (SWCNTSs) Catalytic chemical vapor deposition (CCVD), now the major

are hindered by the difficulty of selectively producing method of SWCNT synthesis, involves the decomposition of
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a gaseous carbon precursor on catalyst nanoparticles acting
both as nucleation centers and nanometric templates for
the grown nanostructures [1-3]. In CCVD, it is commonly
accepted that the size of the catalyst particle strongly dic-
tates the nanotube diameter by limiting its lateral dimen-
sions [4,5]. Controlling the size distribution of catalyst
particles is therefore an essential aspect for the growth of
SWCNTs with high selectivity, and has been the subject of
numerous studies [6-8]. Among those, an elegant approach
pioneered by the Noda group in Tokyo relies on the study
of samples presenting a gradient of catalyst thickness [9-
11]. This combinatorial method allows one to study a range
of catalyst thicknesses in a single experimental run. Using
this approach, the Noda group notably identified the opti-
mal window of catalyst thickness for growing SWCNTs with
high selectivity for various catalyst systems.

However, it is well-documented that for a given catalyst the
selectivity of CNT growth is also strongly influenced by the
growth conditions [4,12,13]. For instance, Lu et al. showed that
using catalyst particles presenting abroad distribution of sizes,
the diameter distribution of CNTs was upshifted when increas-
ing the carbon feeding rate [12]. To explain this behavior, these
authors hypothesized that small catalyst particles were poi-
soned by an excessive carbon supply while larger catalysts
had too little carbon. In line with these results, Cheung et al.
[4] reported that when using catalyst particles of different
sizes (3, 9 and 13 nm), small particles required a lower car-
bon supply rate than large ones. More recently, some of us
reported that there was actually an optimal pressure of car-
bon precursor for growing small-diameter SWCNTs [14]:
below and above this optimal pressure, the nanotube distri-
bution is shifted toward larger diameters. By performing two
consecutive growths at different carbon supplies, we showed
that at too high of a carbon supply small particles were more
rapidly encapsulated than large ones. At too low carbon sup-
ply, the lack of small-diameter SWCNTs was found to origi-
nate from impeded nanotube nucleation from the smallest
catalyst particles. However, the physical explanation of this
phenomenon remained unresolved at the time.

Here, to elucidate the interplay of the catalyst size and the
carbon supply in the selectivity of carbon nanotube growth,
we subjected samples having different thicknesses of metal
catalyst or a gradient of catalyst thickness to various pretreat-
ment and synthesis atmospheres. The growth experiments
were monitored in situ by Raman spectroscopy to identify
for each catalyst thickness the threshold gas conditions for
nanotube nucleation. The post-growth samples were further
characterized by Raman mapping, high-resolution transmis-
sion electron microscopy (HRTEM) and X-ray photoelectron
spectroscopy along the catalyst gradient. Our study demon-
strates that thin catalyst layers (typically less than 10 A)
require a higher pressure of carbon precursor for nucleating
and growing carbon nanotubes. XPS analyses show that this
behavior is caused by the lower reducibility of small catalyst
particles forming mixed compounds at the interface with
the silica support. Our study explains why an appropriate
combination of catalyst thickness and reducing conditions
is required to selectively grow SWCNTs without contamina-
tion from other multi-walled and disordered carbon
nanostructures.

2, Experimental

10-nm layers of SiO, were deposited by ion beam sputtering
(IBS) onto Si substrates, followed by a cobalt layer of constant
thickness (0.3 nm, 1 nm and 2 nm) measured with a quartz
balance. Samples with cobalt thickness gradients were also
prepared by sputtering a 30 A-thick layer of cobalt through a
deposition mask. For each sample, the catalyst thickness
along the gradient was measured by Electron Probe Micro
Analysis (EPMA). The measurement accuracy is +10% of the
thickness which corresponds to the accuracy of the quartz
thickness monitor used for measuring the calibration thick-
ness. All samples were calcined in air at 700°C before
synthesis to remove carbon contaminants. This oxidative pre-
treatment leads to a significant roughening of the catalyst
surface with the formation of particles of up to 10-20 nm
for certain catalyst thicknesses (see AFM data in Fig. S1 of
the Supplementary information file). CCVD growths were per-
formed in a cold-wall micro-reactor (Linkam TS1500) allowing
in situ Raman measurements. In situ micro-Raman measure-
ments at 647 nm (1.92 eV) were recorded with a Horiba Jobin
Yvon T64000 equipped with a microscope (50x objective, laser
spot of ca. 2 um). At this laser excitation, in situ Raman mea-
surements are not impeded by the black-body radiation if
the temperature is less than 800-850 °C.

Acetylene or ethanol was used as carbon precursor. Etha-
nol vapor was supplied by bubbling argon (Air Liquid
99.999%) through a flask of liquid ethanol (Fluka, 99.8%)
thermostated at 0 °C. Acetylene was supplied from a gas cyl-
inder of argon mixed with acetylene at 1000 ppm (Air Liquid).
An additional argon line was used to dilute the gas mixture
and adjust the final precursor partial pressure. The total gas
flow was 1422 sccm.

Post-growth characterization was performed by Raman
spectroscopy, HR-TEM, XPS, and scanning electronic micros-
copy (SEM). Raman mapping was performed at a laser wave-
length of 532 nm (2.33 eV) using an M-686 XY stage (PI) and
an Acton SP2500 spectrometer (Princeton Instruments). The
diameter of the laser spot was ca. 1 ym. TEM samples were
prepared by scratching the surface of the samples with a dia-
mond tip and contacting them with TEM grids (holey carbon
films, Agar). This preparation method not only allowed char-
acterizing the carbon structures but also the catalyst particles
attached to thin SiO, support fragments. HR-TEM and
Scanning TEM High Angle Annular Dark Field (STEM HAADF)
images were taken using two field emission TEMs: a ZEISS
Libra 200 MC and a FEI CM20, working at 200 kV. XPS charac-
terization were performed with an ESCALAB 250 from Thermo
Electron with an Al Ko excitation source (1486.6 eV) and a spot
diameter of ca. 400 ym. Samples were characterized by XPS
right after CVD to minimize air exposure (less than 15 min).
XPS spectra were calibrated in energy with respect to the C
1s component at 284.8eV or the Si 2p peak of SiO, at
103.4 eV. SEM pictures were acquired with a Hitachi S4800.

3. Results and discussion

We first studied the influence of the carbon precursor pres-
sure on the initiation of nanotube growth using in situ Raman
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measurements. We previously reported that a threshold pre-
cursor pressure exists under which no nanotube growth can
be observed even after 30-60 min of exposure to the carbon
feedstock [15]. Above this threshold pressure, nanotubes start
growing at a fast rate [16]. Here, we used samples with differ-
ent nominal thicknesses of cobalt (3, 10 and 20 A) to deter-
mine whether this threshold pressure of nucleation was
dependent on the catalyst thickness. Fig. la-c display the
evolution of the G-band integrated intensity during the
step-by-step increase of the precursor concentration (acety-
lene). Once the precursor concentration reached a threshold
value we observed that the G band characteristic of sp? car-
bon materials appeared and rapidly grew. To check the valid-
ity of these threshold pressure measurements, we performed
three control experiments: (i) we checked that the incubation
time at constant acetylene concentration is significantly less
than the time interval chosen during each step (see Fig. S2a
and b), (ii) we checked that the chosen rates of acetylene addi-
tion were sufficient slow not to impact the measured value of
the threshold pressure (see Fig. S2c¢), (iii) we checked that no
growth is observed even after 1000 s if an acetylene concen-
tration lower than the threshold value is applied. This
confirms that the growth initiation is primarily the conse-
quence of the precursor pressure value and is little affected
by the incubation time which appears negligible (20-50s) in
the experimental conditions used herein. In addition, the
abruptness of the growth initiation is indicative of a
thermodynamic transition of the system (by opposition to a

simple increase of chemical kinetics). Three processes can
be hypothesized to account for this sharp transition: (i) the
reduction of the catalyst particles, (ii) the precipitation of car-
bon nuclei at the catalyst surface and (iii) the lift-off of the
carbon cap (which is predicted to be dependent on the chem-
ical potential of carbon atoms inside the particle [17]). Most
importantly, the threshold concentration is found quite simi-
lar for the 10 A and 20 A cobalt thickness (16 ppm of C,H,)
while it is more than twice higher for a thickness of 3 A
(40 ppm of C,H,).

Notable differences can also be observed in the post-
growth Raman spectra (Fig. 1d and e). The Raman spectrum
of the 3A sample displays the characteristic features of
small-diameter SWCNTs (i.e. typically less than 2 nm): a nar-
row and intense G band with marked G~ shoulder peaks at
1540-1560 cm ™}, intense radial breathing modes (RBM), a high
ratio of the integrated intensity of the G band to the D band
(G/D), and a D band significantly downshifted compared to
the reference position of graphene at this laser wavelength
[18] (see the vertical dashed line in Fig. 1d). For the larger
thicknesses samples (10 A and 20 A), the relative intensity of
small-diameter CNT features decreases: (i) the G band dis-
plays an additional broad contribution at around 1580 cm™*
which progressively hides the G~ shoulder peaks and broad-
ens the main G peak, (ii) the G/D ratio decreases, and (iii)
the D band displays additional contributions at frequencies
close to or higher than the reference position of monolayer
graphene (i.e. without curvature or stacking effects). All these

o ' : . . 50 _ 3 . . . 50 _ 3 . , " . 50 _
S [20A ; 45 E S | 10A — 45 E & | 3A r45 £
2 ) . H40 2 > : / 40 2 > - mmmp 40 2
@ ; l3s 2 2 S s 2 2 L35 2
c U c c ) , c c . c
o : o 1258 o Ly 1258 o 40" 25 @
g = 08 % ¥ 08§ ,' 20 8
& T -15,2 3 7 — -15,2 ) ! -15.2
3 : " '10 3 B E' -10 2 3 l' '10 =
] i, 2 9 i <] ) ; o
B M YD 5 E B o 5 E B © oned 5 £
S0 ¢ paaiy . . 0 ¢ oofegeniht . . 0 ¢ o9okmos2tmT ; g . 0o <
£ 70 200 400 600 800 1000 1200 €70 200 400 600 800 1000 1200 £ 0 200 400 600 800 1000 1200
N Time (s) - Time (s) - Time (s)
(a) (b) (c)
T T T T T T T T T T
1
i
1
3 %2 : 20A 3
8 M ' S
z : z
2 ' 2
g ' g | x2 GID=T7 20 A
T AN x7 I 10A =
g ~ : g
£ : £ 10A
& " Sl
x 30
. A/W\/WVM | 3A x1.4 GID=47 ___PA
1
1
T T T T T T T T T T T
150 200 250 300 350 1200 1300 1400 1200 1300 1400 1500 1600 1700

Raman shift (cm™)

(d)

Raman shift (cm™)

(e)

Fig. 1 - (a—c) Evolution of the integrated G-band intensity (open circles) with increasing partial pressure of acetylene (solid
line) for different thicknesses of cobalt (synthesis temperature 725 °C). The dotted vertical line indicates the onset of
nanotube growth. (d,e) Corresponding post-growth Raman spectra in the frequency range of the RBMs, D band and G band. In
Fig. 1d, the vertical dashed line indicates the reference position of the D-band of graphene at this laser wavelength (647 nm).
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observations are consistent with an increasing amount of
low-curvature and multi-walled disordered carbon structures.
Taking into account that the Raman scattering of small-
diameter CNTs is enhanced by several orders of magnitude
due to the resonance Raman effect [19], the Raman data sug-
gest that low-curvature carbon structures constitute the
majority product of the 10 and 20 A samples. Noteworthy,
the RBM profile (i.e. the relative intensities of the RBMs) is lit-
tle affected by the change of catalyst thickness (between 3
and 20 A). Only the relative proportion of SWCNTs and low-
curvature carbon by-products appears to change between
the three samples.

To confirm the Raman interpretation, HRTEM and STEM
HAADF characterizations were performed. As shown in
Fig. 2, the carbon structures grown with the 3 A and 10 A sam-
ples are considerably different. The 3A sample displays
entangled single- and few-walled CNTs with diameters all
less than 5 nm (Fig. 2a). In contrast, the 10 A sample mostly
displays multi-walled carbon nanostructures (both tubes
and shells) with diameters between 7 and 20 nm (Fig. 2c).
While the Raman spectra display strong features of SWCNTs,
the TEM images displayed no or little evidence of them
among the MWCNTs and substrate fragments. This observa-
tion is in line with our previous report [19] that for mixtures
of SWCNTs and MWCNTs, the resonant effect in Raman
spectroscopy generally leads to overestimating the proportion
of SWCNTs while TEM leads to the opposite flaw.

Beside carbon nanotubes, the size distribution of catalyst
particles can also be characterized by HR-TEM: the 3 A sample
presents a distribution of particles comprised between 1 and
6 nm (Fig. 2b) while the 10 A sample displays a broader distri-
bution of particle sizes comprised between 1 and 20 nm
(Fig. 2d). Noteworthy, the small catalyst particles in the 10 A
sample exposed to 16 ppm of C,H, present a significantly
lower contrast compared with the 3A sample that was
exposed to 40 ppm of acetylene. For the 3 A sample, the parti-
cle size distribution matches reasonably well with the nano-
tube diameter distribution, which suggests that particles of
all sizes were active at the C,H, concentration of 40 ppm. In
contrast, for the 10 A sample grown at the threshold concen-
tration of 16 ppm of C,H,, a significant mismatch is observed
between the size distribution of catalyst particles and the
diameter distribution of carbon nanotubes.

To explain these results, we submitted new catalyst
samples to a reducing pretreatment under H, (5% H, in argon
during 5 min at 725 °C) before performing the same threshold
pressure experiments. As shown in Fig. 3a-c, all pre-reduced
samples then displayed the same threshold concentration
of 16 ppm of C,H, whatever the catalyst thickness. The 3A
sample displayed a Raman spectrum quite similar to the
experiment without reducing pretreatment but with slightly
more SWCNTs of diameters in the 1-2 nm range (compare
RBMs and G-peaks in Figs. 1 and 3d and e). In contrast, the
Raman spectra of the 10 and 20 A samples are considerably

Fig. 2 - Post-growth electron microscopy images of the samples with cobalt thicknesses of 3 A and 10 A (threshold precursor
pressure). (a,c) HR-TEM images of the grown CNTs, (b,d) HAADF STEM images at the Co particles supported on the SiO,

underlayer.
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Fig. 3 - Pre-reduced samples: (a-c) Evolution of the integrated G-band intensity (open circles) while increasing the partial
pressure of acetylene (black line) for different thicknesses of cobalt (synthesis temperature 725 °C). (d,e) Corresponding post-
growth Raman spectra. The vertical dashed line indicates the reference position of the D-band of graphene at this laser

wavelength (647 nm).

different from the experiment without reducing pretreat-
ment: (i) the G band profile displays no additional contribu-
tion at 1580 cm ™! and is comparable to the profile of the 3 A
sample, (ii) the G/D ratio is 3-4 times higher, and (iii) the D
band is narrower and downshifted compared with the same
sample without reducing pretreatment.

These samples were characterized by HR-TEM. Being
grown at the very limit of the growth window, they display
a low yield of CNTs compared to samples grown in optimal
conditions. Short SWCNTs (isolated or in a bundle) extending
out of the SiO, fragments are still clearly discernible and
easily found (Fig. 4) while MWCNTSs are quasi-absent. By con-
trast, for unreduced samples, it was extremely difficult to find
SWCNTs by TEM even after hours of dedicated search while
MWCNTs were commonly found (Fig. 2a and c). TEM observa-
tions therefore confirm a much higher yield of SWCNTs com-
pared to MWCNTs if the samples are subjected to a reducing
pretreatment. The size distribution of the catalyst particles
did not appear extensively modified by the reducing pretreat-
ment (see Figs. 4c,f and 2b,d). However, the small particles in
the 10 A sample display a TEM contrast noticeably enhanced
compared with those of the same sample without reducing
pretreatment. These observations suggest that the main
effect of the reducing pre-treatment was to modify the
chemical state of the catalyst particles rather than their size
distribution.

To investigate the reducing effect of the carbon precursor
itself in CVD conditions, we characterized the catalyst by

XPS at different steps of the synthesis process. As shown in
Fig. 5, the Co 2p XPS spectrum of the as-deposited 10 A-thick
catalyst samples (thin black line in Fig. 5) presents 2ps,, and
2p1/» peaks at 781.1eV and 797.0 eV, respectively, together
with intense satellite structures. These features are compati-
ble with both CoO (reference positions at 780.6 eV for 2ps,
and 796.8 eV for 2p,/, [20,21]) and cobalt silicates (reference
positions at 781.5-782.5 eV for 2ps;,, and around 798 eV for
2p1/2 [22-24]) but not with cobalt silicides (reference position
of 2ps/, at 778.5 eV [25]). After calcination under air at 700 °C
(red dashed line), both peaks are shifted to lower binding
energies (780.3 eV for 2ps/,, 795.8 eV for 2p,,,) and the satellite
structures diminish in good agreement with a conversion of
CoO into Co304 [20]. The peak features are however broad
which suggests a mixture of different cobalt compounds
(CoO, Cos04 and possibly cobalt silicates). After exposure to
acetylene during CVD (bold grey and black lines), CoO and
Co30, contributions essentially disappear and the Co 2p spec-
trum is dominated by the contribution of metallic cobalt (Co
2ps/» and 2py, at 778.3 and 793.3 eV, respectively [26]). Impor-
tantly, an additional peak becomes clearly distinguishable at
782.3 €V which is at too high energy for CoO and can only
be attributed to cobalt silicates [22-24]. If the synthesis tem-
perature is increased (e.g. 850°C), the additional peak at
782.3 eV considerably drops down and more intense SWCNT
features are observed in the Raman spectrum. Together these
results support that small particles of cobalt silicate are
formed during the catalyst deposition or, more likely, during
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Fig. 4 - Post-growth HR-TEM images of the samples subjected to a reducing pre-treatment: SWCNTs grown from Co thickness
of 3 A (ac) and 10 A (d), catalyst particles on SiO, underlayer for the samples of Co thickness of 3 A (e) and 10 A (f).

the calcination in air. The formation of cobalt silicates during
the oxidative pretreatment is indeed a common observation
for Co/SiO,-based catalysts such as Fischer-Tropsch catalysts
[27,28]. However, if Co/SiO, is annealed under vacuum,
Fouquet et al. [29] evidenced the formation of cobalt silicides
instead of cobalt silicates. Our results also support that small
cobalt silicate particles can be effective for the formation of
small-diameter CNTs but require much higher temperatures
than cobalt oxides to be reduced into metallic cobalt in agree-
ment with previous reports from Pfefferle et al. [30,31]. If this
interpretation of the influence of the temperature is correct,
one would expect that a more reducing atmosphere (i.e. a
higher acetylene concentration or a hydrogen pretreatment)
is also needed to reduce small cobalt silicate particles and

make them active for the growth of SWCNTs. This hypothesis
would notably explain the results of the threshold pressure
experiments.

To address this question for a large range of catalyst thick-
nesses, we then moved to catalyst samples presenting a gra-
dient of cobalt thickness. Fig. 6 shows the Raman data
collected along the thickness gradient for three CNT samples
prepared in different gas conditions using ethanol as carbon
precursor: at high and low pressures of carbon precursor,
and at low precursor pressure after a reducing pretreatment.
At high precursor pressure (Fig. 6a and b), SWCNT features
(G, RBM, high G/D, downshifted D-band) are observed for
all catalyst thicknesses and most markedly for Co thicknesses
between 2 and 20 A. As previously observed, the RBM profile
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Fig. 5 - XPS spectra of the Co 2p level of a 10 A Co catalyst
sample: after cobalt deposition (thin black line), after
calcination (red dashed line), and after a CVD synthesis with
66 ppm C,H, at 675 °C and 850 °C (grey and black bold lines,
respectively). (A colour version of this figure can be viewed
online.)

remains quite similar whatever the catalyst thickness. At
high catalyst thickness (>10A), the progressive increase,
broadening and upshift of the D band indicates a higher
abundance of multi-walled and disordered carbon structures.
This is correlated with the observation of large particles (tens
of nm large) all over the surface in SEM pictures (see Fig. S3 in
the Supplementary information file). If a lower precursor pres-
sure is used (Fig. 6¢c and d), SWCNT features are dramatically
reduced whatever the catalyst thickness. More precisely, for
thicknesses lower than 10 A, very weak signatures of SWCNTSs
can still be observed. However, for thicknesses higher than
10 A, the Raman spectra display a G/D ratio close to 1 accom-
panied by a dramatic decrease of the signal of the silicon
support, which are characteristic features of a thick and
absorbing layer of disordered carbon structures. When the
catalyst was subjected to a reducing pre-treatment the
growth of SWCNTs was strongly promoted even at low pre-
cursor pressure (Fig. 6e and f): the RBM intensities for
instance are increased by 1-2 orders of magnitude by compar-
ison with the same synthesis without reducing pretreatment.
However, the proportion of SWCNT is not as high as that
directly obtained at high precursor pressures probably
because catalyst coarsening is no more negligible at the time
scale of nanotube growth. Generally speaking, the results
obtained on thickness gradients allow generalizing the con-
clusion that small catalyst thicknesses require more reducing
conditions through either a higher carbon precursor pressure
or the addition of a reducing agent to become active for CNT
growth. The question that follows is therefore that of the
origin of this lower reducibility: silicate formation or size
effect.

Beside this general trend, Fig. 6a,c and e display a more
complex evolution of the G-band intensity as a function of
the catalyst thickness marked by the presence of peaks and
valleys. Sharp variations are notably observed close to the
substrate edges (see double arrows in Fig. 6a,c and e). Since
these features occur in regions of no or little variation of cat-
alyst thickness, they are attributed to edge effects (i.e. local
variations of the precursor supply/gas phase composition
close to the substrate edges), a common phenomenon in
CVD [32-34]. A striking example is the strong increase of
intensity between points A and B in Fig. 6c and e which can-
not be accounted by a thickness effect since the catalyst
thickness is nearly constant between these two points. These
edge effects provide an additional illustration of the interplay
of catalyst thickness and (local) growth conditions on the effi-
ciency of nanotube growth. Our observations show that edge
effects are generally beneficial to the growth of SWCNTs (see
peaks at positions “G” in Fig. 6a, “B” and “H” in Fig. 6e) and
detrimental to the growth of MWCNTSs (see valleys at posi-
tions “A” in Fig. 6a,c and e). In addition to these edge features,
a profound valley marking the frontier between SWNT-like
and MWCNT-like Raman features is observed for the two
samples grown at low precursor pressures (see position “E”
in Fig. 6e and position “D” in Fig. 6¢). A growth valley separat-
ing SWCNT-rich region and MWCNT-rich region in catalyst
gradient samples was previously reported by the Noda group
[11] whose origin is discussed hereafter.

To complete this analysis, we performed XPS analyses at
different positions along the catalyst gradient. Fig. 7a-c com-
pare the Co 2p spectra obtained at three different catalyst
thicknesses for the samples grown at low and high pressures
of carbon precursor (black and red curves, respectively). The
first observation is that, whatever the catalyst thickness, the
proportion of oxidized forms of Co (oxides and silicates) is
much lower for the sample exposed to a high pressure of car-
bon precursor. This confirms that at low precursor pressure a
large fraction of catalyst particles is not reduced to metallic
cobalt and explains why the carbon nanotube yield is so low
in these conditions. For the sample grown at low precursor
pressure (black curves in Fig. 7), it is difficult to resolve the
contributions of oxides and silicates in the broad Co(Il) peaks
(between 780.5 eV and 783 eV for Co 2ps/, and between 796 eV
and 799 eV for Co 2py,,). However, when the precursor pres-
sure is increased (red curves in Fig. 7), it is observed that
the Co(Il) peaks are systematically shifted to higher binding
energies that can only be assigned to cobalt silicates. This
confirms the presence of cobalt silicate particles requiring
higher precursor pressures, longer times and higher
temperatures than cobalt oxides to be converted into metallic
cobalt. For the sample grown at high precursor pressure
where the contribution of cobalt silicates is clearly resolved,
a third observation is that the ratio of silicates to metallic
cobalt is lowest for the highest thickness of cobalt. This sup-
ports that, for a sufficiently thick layer of cobalt, most of the
cobalt does not interact with the SiO, support and therefore
simply form cobalt oxide particles that are easily reduced to
metallic Co.

Besides the general trend associated with the thickness
variation, it is also observed that the catalyst is significantly
more reduced close to the substrate edge (compare Fig. 7a
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Fig. 6 - Cobalt thickness (upper insert), G-band intensity (black squares), G/D ratio (open circles) and Raman spectra (right
column) as a function of the position along the catalyst gradient sample for the samples synthesized at 640 Pa of ethanol
(a,b), 80 Pa of ethanol (c,d) and 80 Pa of ethanol after a reducing pretreatment (e,f). All syntheses were performed at 750 °C.
The laser wavelength was 532 nm (2.33 eV). The double arrows in Fig. 6a,c and e indicate the extent of the edge effects. The
D-bands were normalized to facilitate the comparison of their profiles. The vertical dashed line represents the reference
position of the D-band of graphene at 532 nm. For points with Ay, close to zero, the Ag/Ap values were not plotted.

with b and c). This supports that the catalyst experiences
more reducing conditions when approaching the edge of
the substrate. This higher reduction rate coincides with
sharp variations of the CNT yield observed by Raman map-
ping at the catalyst edge (see peaks at positions “G” in
Fig. 6a and c). This correlation supports that more reducing
conditions at the substrate edges are beneficial to the
growth of SWCNTs when growth activation is limited by
catalyst reduction.

To account for the experimental dependence of the CNT
growth selectivity with the catalyst thickness, Noda et al.
[11] proposed the existence of two different mechanisms of
particle formation: (i) surface diffusion of cobalt adatoms pre-
vailing at low cobalt thickness and leading to the formation of
small particles (less than 5nm) and (ii) surface dewetting
prevailing for thick catalyst layers and leading to large
particles (10-30 nm). Although this proposition provided a
first explanation for the SWCNT vs. MWCNT selectivity, the
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rational behind the existence of two different mechanisms
was lacking at that time. Our study allows rationalizing and
generalizing this picture by taking into account the crucial
role of interfacial compounds and of the reducing conditions
on the activation and selectivity of CNT growth.

Fig. 8 schematically illustrates the general picture arising
from our studies. Following catalyst deposition and exposure
to air (step 1 in Fig. 8), the catalyst essentially consists of
mixed Co(Il) cobalt compounds. The oxidative heat treatment
(step 2 in Fig. 8) leads to the formation of small particles of
cobalt silicate at the Co/SiO, interface while the cobalt in
excess leads to large particles (5-20 nm, see AFM data in
Fig. S1) with a higher degree of oxidation (i.e. Cos04) by surface
dewetting. Under weakly-reducing growth conditions (i.e. at
low temperature or at low precursor pressure), XPS analysis
shows that the large oxide particles are efficiently reduced
to metallic cobalt but also reveal the persistence of hard-to-
reduce cobalt silicate particles (case 2b in Fig. 8). This
accounts for the bimodal size distribution commonly
observed for Co/SiO, catalysts [35]. In such weakly-reducing
growth conditions, active catalyst particles are essentially
large ones which lead to the growth of large-diameter
multi-walled carbon structures and to very few SWCNTSs.

In contrast, if highly-reducing growth conditions are used
(case 2a in Fig. 8), small cobalt silicate domains can be
reduced to small cobalt particles, thus leading to a huge
increase of the formation of SWCNTs. The proportion of
SWCNTs is largest where the catalyst thickness was low
enough to minimize the formation of large cobalt oxide parti-
cles. Beside the experiments on gradient samples, this differ-
ence of reducibility also accounts for the higher threshold of
precursor pressure required for activating nanotube growth
from thin catalyst layers observed in Fig. 1.

Alternatively, a reducing pretreatment (step 3 in Fig. 8) can
be applied in order to reduce the small cobalt silicate particles
into metallic cobalt before introducing the carbon source. The
growth of a high proportion of SWCNTs is then made possible
even in weakly-reducing growth conditions (case 3b in Fig. 8).
However, the SWCNTYyield is lower than when simply using a
high precursor pressure (case 2a) and a large valley separating
SWCNT and MWCNT appears, as also reported by Noda et al.
[11]. We propose that both features originate from the pro-
gressive disappearance of the smallest catalyst particles (by
Smoluchowski ripening, i.e. migration—-coalescence, [36] or
Ostwald ripening [37]) once reduced and when exposed to
low precursor pressure synthesis conditions. For pre-reduced
catalyst particles exposed to a sufficiently low pressure of car-
bon precursor, catalyst ripening is expected to proceed faster
than SWCNT nucleation, therefore decreasing the SWCNT
yield [37-39]. At low catalyst thickness (i.e. low surface den-
sity), many particles remain sufficiently small to produce
SWCNTs giving rise to an intense Raman signal due to the
resonance effect. At high catalyst thickness, very large metal
particles are produced leading to the growth of large amounts
of multi-walled carbon structures (see SEM images in Fig. S4).
At intermediate catalyst thickness, catalyst ripening essen-
tially leads to particles which are too large for SWCNT growth
but in too small amounts to produce multi-walled carbon
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Fig. 8 - Schematic model of the interplay of catalyst thickness and growth conditions on the selectivity of CNT growth. (A

colour version of this figure can be viewed online.)

nanostructures giving an appreciable Raman signal. This
causes an apparent valley in the Raman map of the gradient
samples subjected to a low precursor pressure.

Beside the influence of the catalyst thickness, the CNT
yield is influenced by edge effects. These edge effects appear
as an additional illustration of the interplay of catalyst thick-
ness and precursor pressure in the selective activation of CNT
growth. Catalyst atoms close to the substrate edges are sub-
jected to higher precursor partial pressures and reducing con-
ditions. These conditions promote the growth of SWCNTs
since its activation is limited by silicate reduction. Edge con-
ditions are also detrimental to the growth of MWCNT at high
catalyst thickness (see Fig. 6¢ and e). This appears related to
the formation of very large particles (>40-50 nm) which
become encapsulated by a thick carbon layer instead of yield-
ing CNTs (see SEM pictures in Figs. S3 and S4).

4, Conclusion

This work shows that the observed interplay of catalyst size
and growth conditions in the activation of CNT growth is pri-
marily a consequence of the formation of interfacial com-
pounds of low reducibility. The catalyst thickness influences
the relative proportions between interfacial compounds
formed with the silica support and large cobalt oxide particles
formed by surface dewetting. These bimodal size and chemi-
cal distributions strongly impact the conditions required for
activating nanotube growth: weakly-reducing conditions are
sufficient to activate large oxide particles while highly-
reducing conditions are required for reducing the more stable
silicate particles. For thin catalyst layers (i.e. of nominal thick-
ness typically less than 5 A), this effect causes a significant
increase of the threshold precursor pressure and temperature
required for initiating SWCNT growth. However, catalyst par-
ticles are more subject to ripening once reduced. It follows
that the highest nanotube yields are obtained with no reduc-
ing pretreatment but by directly using the carbon source to
reduce the catalyst particles and feed them with carbon. An
important question is whether the behavior brought to light

in this work is specific of the Co/SiO, couple or generic to a
large class of catalyst systems used for CNT growth. Electro-
positive metals such as iron and cobalt deposited on silica
and alumina are known to easily form mixed compounds
and would be expected to display similar behaviors. However,
less electropositive metals such as nickel and copper do not
have such a strong tendency and the mixed compounds thus
formed are less stable. It would be interesting to compare the
behaviors of such catalyst systems with the one evidenced in
this work.
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Abstract

Controlling the diameter and chirality distribution of single-walled carbon nanotubes
(SWCNT) is crucial for their large-scale application. Although Catalytic Chemical Vapour
Deposition (CCVD) is the most popular method for synthesizing SWCNTs, CCVD-grown
SWCNTs usually present a large distribution of diameters and chiral angles. Several works have
been devoted to understand and control the processes at the origin of this distribution. We
previously evidenced several processes hindering the growth of small-diameter SWCNTSs:
catalyst coarsening, absence of nucleation, catalyst poisoning.!? Here, we report on the
evolution of the diameter and chirality distribution of SWCNTSs with the synthesis time using
two different approaches: in situ Raman monitoring and ex situ Raman characterization of
samples frozen at different times. In most cases, the diameter distribution of SWCNTSs is
observed to significantly evolve with time (Figure 1). The type of evolution (e.g. toward smaller
or larger diameters) strongly depends on the growth conditions (Figure 2). Post-growth analyses
by HRTEM were performed to determine the underlying processes. Beside the evolution of
diameter, we will also discuss how the evolution of the RBM inform on the evolution of the
chirality distribution during CCVD.

Introduction

Single-walled carbon nanotubes (SWCNTSs) display optical, electrical and chemical
properties which are extremely dependent on their crystal structure and, most notably, of their
diameter. Controlling the diameter distribution of single-walled carbon nanotubes (SWCNTSs)
is therefore a critical step toward the large-scale application of these one-dimensional
nanostructures. Catalytic chemical vapor deposition (CCVD) is currently the most popular
method for synthesizing SWCNTSs due to its relatively good control of the growth conditions
(catalyst, temperature, carbon supply and additives). A major drawback of CCVD is that
SWCNT samples usually present a large distribution of diameters and chiral angles. Several
works have been devoted to understand the processes at the origin of this distribution and the
influence of the growth conditions on them. Our group notably evidenced that the growth of
small-diameter SWCNT was limited to a narrow range of growth conditions because of three
processes: i) the coarsening of small catalyst particles at too high temperature, ii) the absence
of nucleation on small catalyst particles at too low carbon precursor pressure, iii) the poisoning



of small catalyst particles by carbonaceous materials at too high precursor pressure and too low
temperature. Several groups developed catalysts and growth protocols achieving a high
selectivity for specific ranges of diameters, chiral angles and crystal structures.

Here, we report on the evolution of the diameter distribution of SWCNTSs as a function
of the synthesis time using standard cobalt/silica and nickel/silica catalysts. Our study was
based on Raman spectroscopy in both in situ and ex situ configurations. We show that in most
conditions the diameter distribution strongly evolves with the synthesis time. Different types of
evolutions are observed (e.g. toward smaller/larger diameters, no evolution), each prevailing in
a specific set of growth conditions. Post-growth analyses of the samples by high-resolution
TEM were performed to determine the origin of each behavior.

Materials and Methods

10 nm layers of SiO2 were deposited by lon Beam Sputtering (IBS) on Si-wafers. 0.5
nm layers of catalyst — cobalt or nickel — were then deposited by IBS, measured with a quartz
balance. The samples were calcined in air at 700°C before synthesis to remove carbon
contaminants. This treatment roughens the surface and form catalyst particles suitable for CNTs
growth. CCVD synthesis were performed in a cold-wall micro reactor Linkam TS1500 allowing
in-situ Raman spectroscopy. In-situ and ex-situ micro-Raman measurements were performed
at 647nm (1,92 eV) and 532 nm (2,33 eV) with a Horiba Jobin Yvon T64000 equipped with a
microscope. With a 50x objective, the laser spot on the sample is about 2 um. Ethanol was used
as carbon precursor by bubbling argon (Air Liquid 99,999%) through a flask of liquid ethanol
(Fluka, 99,8%) thermostated at 0°C. An additional argon line was used to dilute the gas mixture.
The total gas flow was set at 1422 sccm.

Results

To start this study, we monitored the evolution of the RBM profile during SWCNT
growth by in situ Raman spectroscopy. Figure 1 show three different types of observed
evolutions of the RBM profile. The studied system is cobalt/SiO2. Fig. la illustrates an
evolution from large-diameter SWCNTSs to smaller SWCNTs and then larger SWCNTSs at
longer times. Fig. 1b illustrates the case where the RBM profile displays no marked evolution
during the growth. These evolutions can also be visualized by plotting the ratio of the integrated
intensities of small-diameter RBMs to those of large-diameter ones as a function of the
synthesis time.
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Figure 1. Evolution of the Raman spectra of SWCNTSs during their growth monitored by in
situ Raman measurements.

In situ Raman monitoring of the RBM profile represents a high-throughput approach in
order to rapidly identify the different types of behaviors as a function of the growth conditions.
However, it is limited to growth conditions providing a SWCNT vyield sufficiently high for the



RBMs to be measured in situ at high temperature (600-800°C) and short acquisition times (1-
30 s). This approach is therefore not adapted to explore the extreme regions of the growth
domain displaying a low yield, most especially the low temperatures and low precursor
pressures. For studying the nickel/silica catalyst, we adopted a different but complementary
approach based on freezing the samples at different synthesis times (by stopping the carbon
precursor supply and rapidly cooling the cell) then performing a detailed Raman
characterization at room temperature. This approach provides higher resolution spectra but also
a better statistical analysis by allowing to average Raman spectra recorded at different positions
on the sample. In order to check the generality of our observations, we also used a different
laser wavelength (1I=532 nm) in order to be in resonance with a different set of SWCNTS.
Figure 2 illustrates typical Raman spectra obtained in such experiments.
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Figure 2. Evolution of the Raman spectra of SWCNTSs for syntheses frozen at different times.

Figure 3 summarizes in which growth conditions are observed the different behaviors.
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Figure 3. Processes responsible for the evolution of the diameter distribution of SWCNT
during CCVD growth.
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Abstract
We report a direct study on the oxidation of individual single-walled carbon nanotubes (SWCNTS)
deposited on substrates in oxygen gas at temperatures between 480 and 580 °C, as we continuously
locate and identify the modifications along the same individual SWCNTs as they undergo
oxidation. The nanotubes are observed to disappear segment-by-segment during the in situ
observations at the resolution of an environmental scanning electron microscope (ESEM).
Additional atomic force microscopy (AFM) characterization of the nanotubes before and after
oxidation reveals that the nanotube oxidation is associated with both cutting and etching of the
tubes where semiconducting SWCNTSs is preferentially cut and etched. The origin of this
selectivity is explained by the effect of substrate-trapped charges and electron beam induced
surface charging. A mechanism underlying the oxidation of charged SWCNTSs deposited on

substrates is also proposed.

Introduction

Understanding the mechanisms underlying the oxidation of carbon nanotubes (CNTS) is of great
importance for their synthesis and post-processing, and the behavior of CNT-based devices. For
instance, CNTs were found to exhibit lower emission currents and reduced lifetimes in low
pressures of oxygen and water vapor due to reactive sputter etching.>? Gas-phase oxidizers such
as CO and water vapor are frequently used during CNT growth to selectively burn off amorphous
carbon by-products in order to enhance and preserve catalyst activity.>” Thermally oxidizing CNT
material in air or oxygen is also routinely performed to remove unwanted disordered carbon

materials or create oxygen-containing moieties on CNT walls.>'? Several groups already



attempted to utilize the oxidation process to manipulate CNT structures, for instance by opening
up their terminating cap or by thinning the tubes.**!* When controlled, oxidation therefore plays
an important role in the synthesis, modification and purification of CNTSs.

Unlike solution-based sorting, gas-phase purification of CNTs does not result in residues and
thereby, leaves nanotubes in a pristine state. Recently there has been a resurgence of interest in
oxidative purification of SWCNTSs with respect to semiconducting or metal type. SWCNTSs can be
metallic or semiconducting depending on their chiral angles.>!® Many valuable applications in,
for example transparent conductors,'” solar cells,*® biosensors,’® and nanoelectronics®® require
individualized SWCNTSs of specific electronic character (metallic/semiconducting SWCNTSs) and
high purity. Despite recent progress in selective synthesis, current techniques still produce
heterogeneous samples containing SWCNTSs of varying geometry and electronic character as well
as other carbonaceous contaminants.?*? Post-processing of as-synthesized SWCNTS, on the other
hand, is suggested to be an alternative approach for the type-selective isolation of SWCNTs, and
there is already evidence that separation can be achieved using various gas-phase oxidants
including air, % 0,,>'%27 505,° water vapor,?® and fluorine gas.?® Depending on the oxidants
and the particular treatment, either metallic (m-CNTs)?*3! or semiconducting nanotubes (s-
CNTs)*?23 are observed to be etched preferentially. Oxidation rates were found to increase with
smaller CNT diameter which was typically explained in terms of higher C-C bond strain and higher
sp® character resulting in higher chemical reactivity towards adsorbates.-283438 Density
functional theory-based calculations, however, suggest that it is the local curvature radius (LCR)
that determines the weakest carbon-carbon bond and is consequently thought to be one of the
determining factors in oxidative etching.?% Other studies have shown that chirality is expected
to have a direct effect on oxygen sidewall chemisorptions and can affect chemical reactivity in
general 34 Preferential m-CNT etching is attributed to the finite density of states (DOS) at the
Fermi level for m-CNTs whereas hole doping was reported to enhance the chemical reactivity of
s-CNTs and lead to their preferential etching.3® Chemical doping induced by the substrate is also
to be considered as illustrated by its strong influence on the oxidation of monolayer graphene
deposited on substrates.*

In all previous studies, the oxidation of CNTs was usually characterized by ex situ measurements
on ensembles of SWCNTSs. In situ approaches at the level of individual SWCNTSs are well suited

for investigating CNT oxidation, as one can track the dynamics of the process as it happens and



observe trends that might be difficult to detect in ex situ ensemble measurements. For instance,
earlier studies have suggested that CNT oxidation initiates at the end of the tube and proceeds
along its length.’*!* Recent in situ environmental transmission electron microscopy (ETEM)
investigation of multi-walled CNT oxidation, on the other hand, reveals that despite the higher
curvature of the carbon cap, it is the outer wall which is oxidized and etched first.

In this article, we report a direct study on the oxidation of individual SWCNTSs deposited on
substrates in oxygen gas at temperatures between 480 and 580 °C at the resolution of an
environmental SEM. By this in situ approach, we could continuously locate and identify the
modifications along the same individual SWCNTSs as they undergo oxidation. Most notably,
SWCNTSs are observed to disappear segment-by-segment during the in situ SEM observations.
Additional AFM characterization of the SWCNTSs before and after oxidation reveals that SWCNT
oxidation is associated with both cutting and etching of the tubes. The oxidation mechanism is
investigated as a function of the temperature and of the substrate type (quartz and SiO./Si). In our
experimental conditions, SWCNT oxidation by O is found to be type-selective with
semiconducting SWCNTs being preferentially cut and etched. The origin of this selectivity is
discussed, and a mechanism underlying the oxidation of charged SWCNTSs deposited on substrates
is proposed.

RESULTS

The CNTs investigated in this work are grown on ST-cut quartz wafers by catalytic chemical vapor
deposition, as described elsewhere.*?> An SEM image of the as-synthesized CNT arrays on a quartz
substrate is shown in Figure 1a. The nanotubes are straight, long (length ranges from 30 to 170
pm) and horizontally-aligned along the X-direction of the ST-cut quartz substrate. Each tube has
one end connected to the catalyst line (that consists of entangled CNTs) while its other end is free
from any connection. Prior to oxidation, some CNT samples were characterized by Raman
spectroscopy using a 532 nm laser excitation. To facilitate the characterization, the nanotubes were
transferred on a SiO/Si substrate. The transfer process (detailed in the Methods section) can
induce curls along the tubes (Figure 1b) due to the release of the pressure developed into the CNTs
during growth and to the instabilities in the liquid phase. Figures 1c and 1d show the Raman spectra
of a typical CNT sample and reveal that the CNTSs are mostly single-walled with diameters ranging

from 1.3 to 1.7 nm. The average Ip/lg ratio is about 0.03 indicating a very low density of defects.
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Figure 1. SEM images of (a) as-synthesized SWCNTs on ST-cut quartz and (b) SWCNTs
transferred on SiO/Si substrates. Raman spectra of SWCNTs transferred on SiO/Si: (¢) RBM

region and (d) G and D mode region recorded using a 532 nm laser wavelength.

During our in situ SEM experiments, the nanotubes are first imaged at room temperature in vacuum
(<1072 Pa) prior to oxidation. The ESEM image of the as-synthesized SWCNTS on a selected part
of the quartz substrate at higher magnification (Figure 2a) clearly shows that some tubes appear

very bright while other ones are much darker.



Room temperature, Vacuum 480 °C,11Pa O,

Figure 2. SEM images of as-synthesized SWCNTSs on a quartz substrate (a) at room temperature
in 102 Pa before oxidation and (b) at 480 °C after 190 s of exposure to 11 Pa of pure O,. The

images were recorded using an accelerating voltage of 1.8 kV.

Individual SWCNTSs deposited on insulating substrates can be imaged by SEM, thanks to the
surface charge contrast induced by the electrical conductivity of SWCNTs.*® The contrast is
strongly enhanced if the tube is connected to an electrode so that the charges induced by the
electron beam can be efficiently evacuated away from the imaged area. In our case, the catalyst
line which consists of a network of entangled and conducting SWCNTSs plays such a role. Recent
work indicates that the contrast of SWCNTSs in SEM images is also related to their electrical
properties, the brighter and the darker SWCNTSs corresponding respectively to metallic and
semiconducting SWCNTSs.* This M/SC contrast is clearest if all the tubes are connected to the
same electrode (i.e. the catalyst line in our case). In Figure 2, one can assign the SWCNTs marked
as 2, 3,4 and 5 as semiconducting whereas SWCNTSs marked as 1, 8, 14 and 18 are metallic.

The SEM image in Figure 2b corresponds to the same region recorded at 480 °C, 190 s after the
introduction of oxygen into the chamber. As apparent, most tubes now appear equally bright which
we attribute to the electrical conductivities of semiconducting and metallic SWCNTs becoming
closer with increasing temperature.*>4® The very few tubes which still appear dark at high
temperature (e.g. tube N in Figure 2b) could correspond to small-diameter semiconducting

SWCNTSs remaining poorly conducting at high temperature due to their larger band gap. These



observations provide an additional support to the metallic/semiconducting assignment based on
SEM contrast. After Oz injection, several tens of seconds were usually required to adjust the
imaging parameters and to obtain the first image in oxidizing conditions. In this first image, several
tubes are already observed to be shorter than at room temperature (e.g. tubes marked by 2, 3, 5, 8
and 18) due to the exposure to oxygen at high temperature. Movie S1 (in Supporting Information)
illustrates the evolution of the CNTs shown in Figure 2 with the time of exposure to oxygen (480

°C, 11 Pa of Oy). Figure 3 shows a few snapshots of the movie at different times in a specific zone

(left part of Figure 2).
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Figure 3. In situ SEM images of SWCNTSs on a quartz substrate during oxidation in 11 Pa O, at
480 °C illustrating the segment-by-segment disappearance of the CNTs with time. The scale bar
iS50 um.



As shown in Movie S1 and in Figure 3, the apparent length of each nanotube decreases with time.
The most striking feature of our in situ observations is that the nanotube length does not decrease
progressively as would be expected from a continuous nanotube etching from one end but instead
decreases sequentially (i.e. segment by segment). Another feature of our observations is that the
segments are always apparently removed from the free end of the tube. Three different hypotheses
can be proposed to explain these observations:

() Local cutting. In this hypothesis, the oxidation would induce a local cutting of the tube
(preferentially at a pre-existing defective site) resulting in two nanotube segments: the segment
still connected to the catalyst line would remain visible while the other one would disappear from
the SEM picture because of its disconnection from the catalyst line.

(1) Fast etching and abrupt stop. Here, the oxidation would induce a rapid and continuous etching
of the tube starting from the nanotube end until a certain position along the tube (e.g. a pre-existing
defect) where the etching would abruptly stop; here it is hypothesized that the etching is too fast
to be resolved at the acquisition rate of the SEM pictures.

(111) Bunch of nanotubes. In this scenario, the observed line would actually consist of several tubes
of different lengths which are too close to be resolved by SEM (e.g. a nanotube bundle); the abrupt
disappearance of one segment would be caused by either the fast etching or the local cutting of the
longest tube of the bunch.

To test each of these three hypotheses, we performed AFM characterization on one randomly
selected zone of a given sample before and after monitoring its oxidation by in situ SEM. Figures
4a and 4b show SEM images of the zone before and after 17 min of oxidation, respectively. The
tubes in this zone are marked with letters ranging from A to L. Although G and J appear as single
lines in the SEM picture, AFM reveals that each of them actually consists of two neighboring tubes
of different lengths that we labeled as G(1,2) and J(1,2), respectively. Note that, although the
oxidation behavior of each of these four tubes cannot be monitored by in situ SEM, it can be
characterized by ex situ AFM. The characteristics of all theses tubes (length, type) and the

corresponding oxidation behavior are listed in Table ST1.
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Figure 4. SEM images of the randomly selected zone of a given sample (a) before oxidation and
(b) after 17 min of oxidation at 540 °C. The labeled tubes are characterized by AFM. (c-e) AFM
images of individual SWCNTSs on quartz substrate before and after oxidation displaying three types
of oxidation behavior: (c) no change, (d) disappeared segment in the SEM picture appears in the

AFM picture and (e) segment physically removed. Scale bar for AFM images is 500 nm.



The observed behaviors can be categorized as follows:

No length change in SEM and AFM. Several tubes (tubes A, C, J(1,2), K and L) displayed no
apparent reduction of their lengths during in situ observations and still appeared in the AFM
images with unchanged lengths. AFM pictures of tube A before and after oxidation are shown in
Figure 4c to illustrate this type of SWCNTSs having a very low reactivity.

Length change in SEM but not in AFM. We observed one tube (tube F) displaying the features
of hypothesis I, that is, the segment which disappeared during the SEM observations still appeared
with unchanged length in the AFM picture after oxidation (Figure 4d). This observation agrees
with a local cutting of the tube causing a disappearance of the disconnected segment during the
ESEM observations. The existence of this mechanism is additionally supported by in situ
observations of segments blinking for a few seconds before complete disappearance (see Movie
S2 in supporting info). Note that despite our attempts, we were not able to identify by AFM a cut
along the nanotube at the position expected from the SEM picture. We presume that this is because
the width of the cut is under the lateral resolution of our AFM setup.

Same length change in both SEM and AFM. Finally, several tubes displayed the features of
hypothesis Il (tubes B, D, E and G(1,2)), that is segments which disappeared during the in situ
SEM observations are found to be physically removed (etched) in the AFM images (Figure 4e).
Note that we observed one tube (tube 1) which displayed consecutive disappearance of two
segments during in situ observation and exhibited two types of behavior, i.e. the AFM
characterization revealed that the first segment was physically removed while the second segment
was still present on the substrate. This case supports that local cutting (mechanism 1) may
systematically precede the rapid etching of the disconnected segment (mechanism I1). This would
notably explain why we only observed abrupt disappearances of tube segments and why we never
observed the progressive etching of a nanotube as would be expected from mechanism Il alone. If
S0, this also raises the question of why disconnected segments would be more rapidly etched than
connected ones.

To test hypothesis Il (bunch of nanotubes), we searched by AFM for evidence of nanotube
bundling or of changes of geometrical features (width or height) along the nanotubes at the
positions where the segments were observed to be removed during the in situ observations. All our

observations support that the studied tubes on quartz are single and have a constant diameter all



along their length. So, even though hypothesis Ill cannot be completely excluded, it finds no
experimental support in the AFM data.
For a quantitative analysis, the recorded in situ images were analyzed to extract the number of
segment disappearance (cutting events) as a function of time and the cutting position along the
nanotubes. The corresponding SEM images and extracted data are summarized in Figures S1-4
and Tables ST2-5 in the SI.
First, the analysis shows that there is no preferential position of cutting along the CNTSs (that is
closer to the free end or closer to the catalyst line). When averaged over a large number of cuttings,
the average cutting position with regard to the initial length of the tube is close to the middle of
the tube (see Table ST2-5). The cuts therefore appear at random positions along the nanotubes.
Second, the average time between two consecutive cutting events tends to increase when the total
length of remaining tubes decreases (Figure S5). Third, if normalized by the sum of the remaining
nanotube lengths, the number of cutting events at a given time tends to increase with time (Figure
S6).
These observations support that the probability of a cutting event is proportional to the tube length
and to the time of exposure to oxygen. To account for these trends at the individual nanotube level,
we defined the index of reactivity (R) of an individual nanotube as:

Q1
n—>+od n,
where L is the length of the individual tube j after the i cutting event, At{ is the interval of time
between the (i-1)™ cut and the it cutting event of tube j, and ni(t) is the total number of cutting
events experienced by tube j after time t. Experimentally, we do not have access to an infinite
number of cutting events but we found that the index converges towards a quite constant value for
a number of cutting events typically greater than 4 (Figure S7).
Similarly, the average reactivity R®"*™® of a collection of nanotubes during a given experiment

can be defined as:
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where né™emble(t) js the total number of cutting events experienced by the nanotube collection after
time t. For statistical validity, we also checked that R®™M!¢ converges towards a constant value
within the time scale of the experiment (Figure S8).
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Figure 5. Variation of reactivity of (a) individual and (b) ensemble SWCNTs with oxidation
temperatures. In figure (a), individual reactivities are displayed for SWCNTs on quartz. The first
number before the brackets correspond to the initial length of the nanotubes in um; the numbers
within brackets indicate the total number of cutting events for each individual nanotube (for

statistical validity, nanotubes displaying less than 4 cutting events are not included).

As shown in Figure 5a, the individual reactivities, while largely scattered, tend to increase with
increasing temperature. The ensemble reactivity tends to follow an Arrhenius law with an
activation energy of about 1 eV (0.9 eV on crystalline quartz, 1.1 eV on amorphous thermal SiO-
on Si, see Figure 5b), which is of the order or slightly lower than the activation energy (~1.2 eV)
reported for monolayer etching of the basal plane of graphite in Oo.

As previously mentioned, some tubes display many segment removals while other ones remain

nearly unmodified within the timespan of the experiment. Such large differences of reactivity



suggest that the reactivity is strongly affected by the nanotube features such as the
metallic/semiconducting (M/SC) type, the diameter and/or the density of defects.

The individual reactivity of fifteen tubes with varying lengths is compared in Table ST6 with
respect to their M/SC types as ascribed from their SEM contrast (see Figures 2a and S1).As before,
only tubes with a number of cutting events greater than 4 were used to ensure statistical validity.
Please note that the least reactive tubes (i.e. with less than 4 cutting events) were therefore
neglected in this first approach. The individual reactivities are quite scattered varying by a factor
10 for both metallic and semiconducting tubes. On average, the reactivity appears substantially
higher for semiconducting tubes (~2.6x10° um-s™) than for metallic tubes (~1.4x10° pm-is?),
supporting a slightly higher reactivity of semiconducting tubes. This trend is also apparent in the
coupled SEM-AFM experimental data (see Table ST1) where most metallic tubes display no cuts
within the timespan of the experiment while most semiconducting tubes display 1 or 2 cuts. This
highlights another approach for comparing the reactivities of metallic and semiconducting by
considering the average number of cutting events experienced by metallic tubes and
semiconducting tubes during the total duration of a given experiment. For such a measurement,
eight semiconducting and twelve metallic tubes of a given experiment (T=480 °C) were selected
and their average numbers of cutting events were normalized by the total initial lengths of the tubes
(639 pm and 790 um for semiconducting and metallic tubes respectively) and by the duration of
the experiment (45 min). This analysis again confirms that semiconducting tubes experienced
slightly more cutting events (2.3x10° um™s) than metallic tubes (1.9x10®° um™s™?) supporting
again a slightly higher reactivity of semiconducting tubes.

In order to confirm the effect of the nanotube structural features (M/SC type, diameter and defect
density) on their reactivity, we characterized several individual tubes of a given zone by Raman
spectroscopy before monitoring their oxidation by in situ SEM. Unexpectedly, we observed that
all tubes were oxidized extremely rapidly within the first tens of seconds of exposure to oxygen,
whatever their type (M/SC) and diameter (Figure S9). This precluded the use of Raman
spectroscopy to directly correlate the reactivities of individual SWCNTs with their structural
features. Interestingly, these first cuttings preferentially appeared along the line the laser was
scanned during Raman characterization. This prompted us to check the influence of the e-beam
exposure on the SWCNT reactivity. To do so, we performed a long monitoring of SWCNT

oxidation by ESEM in a given zone before zooming out in order to compare the reactivities in the



zones exposed and not exposed to the e-beam. As shown in Figure S10, e-beam exposure strongly
accelerates the oxidation of SWCNTSs by O.. From these observations, we conclude that local
exposure to laser or electron beam can significantly increase the reactivity of SWCNTSs deposited
on substrates. Laser exposure is known to induce local modifications (chemical functionalization,
optical doping) or even structural damages to SWCNTSs and graphene, which would explain why
the exposed areas became more reactive. The e-beam effect cannot be explained in terms of
structural damages caused by the incident electrons since the accelerating voltage is well below
the knock-on damage threshold for sp? carbons in a hexagonal network. 4" At the opposite, the

most obvious effect of the e-beam exposure is to cause surface charging.

DISCUSSION

The charging of an insulator surface under electron beam irradiation depends on the accelerating
voltage which controls the ratio of secondary electrons emitted by the surface to incident
electrons.®® At high accelerating voltages, the SiO; surface is negatively charged and appears
brighter than neutral SiO; at accelerating voltages below a threshold value (typically 3 kV for a
thin layer SiO> layer on Si and 10 kV for bulk quartz), the surface becomes positively charged and
appears darker than an uncharged SiO; surface because its positive potential hinders the emission
of secondary electrons.®® At very low accelerating voltages (typically less than a few hundreds
mV), the surface becomes negatively charged again. In our experimental conditions (Vacc=1.8 kV),
the SiO; surface is therefore positively charged and has a surface potential up to several volts. As
shown by the group of Kaili Jiang®, the SWCNTs which are connected to an outer electrode (i.e.
the catalyst line in our case) provide electrons to the surrounding SiO2 surface making it appear
brighter than the rest of the surface. It follows that the SiO, surface surrounding unconnected tubes
has a high density of surface charges (holes) while the SiO> surface surrounding connected tubes
is much less charged. At room temperature, the SiO> surface surrounding metallic tubes will be
less charged than that surrounding semiconducting tubes, as evidenced by their different contrast
in SEM. At the high temperatures used for the oxidation experiments (480-580°C), the
conductivities of M and SC tubes become closer and so do the surface charge density of the SiO>
surrounding them, as evidenced by the close SEM contrasts of M and SC tubes at these

temperatures.



In the case of graphite or of several-layer graphene, oxidation is initiated at pre-existing point
defects, which manifests by a rather low reactivity and a homogeneous size distribution of etch
pits. However, in the case of monolayer graphene supported on a substrate, oxidation is strongly
enhanced®? which was explained by the effect of substrate-trapped charges* which cause spatial
fluctuations of the Fermi energy, that is electron and hole puddles in graphene that alternate in
space.>5
We propose that a similar process is at work in our case during the oxidation of substrate-supported
SWCNTSs, and that it is amplified by the surface charging induced by the e-beam. Evidence of
electron and hole puddles along quartz-supported SWCNTSs can be found in many SEM pictures
at room temperature displaying marked variations of contrast along individual semiconducting
SWCNTSs (see Figure S10 in the SI). Note that these contrast fluctuations cannot be observed at
high temperature probably because of the higher charge mobility and to the lower signal to noise
ratio in ESEM conditions.
To test the hypothesis that SWCNT oxidation is primarily controlled by substrate charges, we
studied the oxidation kinetics of SWCNTSs transferred from quartz to amorphous thermal silicon
oxide (on Si) which is known to contain a higher density of sites for trapping surface charges.>°®
As shown in Figure 5b, the SWCNT reactivity is higher on SiO2/Si substrates than on ST-cut
quartz. The activation energies are quite similar on crystalline quartz and on amorphous SiO> (~1
eV) supporting that the chemical processes at play are the same on both substrates, and that the
higher rate of oxidation on amorphous SiO; is caused by the higher density of surface-trapped
charges.
As previously described, the density of surface charges is also considerably impacted during
ESEM observations by the e-beam exposure and the electronic conductivity of SWCNTs. If
SWCNT oxidation is primarily controlled by substrate charges, one would expect very different
SWCNT reactivities depending on the actual surface charge density of the substrate below the
nanotube. This is the case as illustrated by the two different oxidation behaviors we observed:

) slow oxidation manifesting by a local cutting for tube segments that are still connected

to a reservoir of electrons (catalyst line),
i) rapid oxidation manifesting by a complete etching of the tube segments which have

been disconnected from the catalyst line.



Based on these arguments, we propose the following oxidation mechanism for SWCNTSs supported
on substates under e-beam exposure. SWCNTSs deposited on SiO2 surfaces and exposed to air are
slightly p-doped with a level of doping that can vary along the nanotube. Doping is higher for
substrates able to stabilize a high density of surface ions. Laser exposure can locally modify the
doping.®” Doping affects the reactivity of m-SWCNTSs because of their constant DOS. However,
the reactivity of sS-SWCNTSs can be greatly enhanced at highly-doped areas by increasing the DOS
close to the Fermi level. P-type doping is even enhanced under e-beam exposure and so is the
reactivity of sS-SWCNTSs. Reactivity is further enhanced for segments of s-SWCNTs which become
disconnected from other SWCNTSs because of higher p-doping.

Conclusion

We reported a direct study on the oxidation of individual single-walled carbon nanotubes
(SWCNTSs) deposited on substrates in oxygen gas at temperatures between 480 and 580 °C, as we
continuously locate and identify the modifications along the same individual SWCNTSs as they
undergo oxidation. The nanotubes were observed to disappear segment-by-segment during the in
situ observations at the resolution of an environmental scanning electron microscope (ESEM).
Additional atomic force microscopy (AFM) characterization of the nanotubes before and after
oxidation revealed that the nanotube oxidation is associated with both cutting and etching of the
tubes where semiconducting SWCNTSs is preferentially cut and etched. The origin of this
selectivity is explained by the effect of substrate-trapped charges and electron beam induced
surface charging. A mechanism underlying the oxidation of charged SWCNTSs deposited on

substrates has been proposed.

Experimental

Two types of substrates were used: SWCNTs grown on stable temperature-cut (ST-cut) quartz
wafers by catalytic chemical vapor deposition®? and nanotubes transferred from the parent quartz
substrates on Si substrates with a 500 nm layer of thermal SiO». Nanotubes were transferred on Si
substrates first to facilitate their characterization by Raman spectroscopy (wavelength 532 nm,
laser power 0.5 mW, objective 50X) before oxidation (to determine type of tubes,
SWNTs/MWNTSs; diameter distribution) and secondly to investigate any influence of the substrate

on the oxidation kinetics. Briefly, transfer of SWCNTSs from quartz substrates to the patterned



SiO2/Si substrates was carried out by a polymeric water-based method using cellulose acetate
butyrate (CAB).>® The quartz substrates with SWCNTs were spin-coated by a thin layer of
cellulose acetate butyrate (CAB). After baking (50°C, 1 h), the CAB layer with embedded
nanotubes was peeled from the quartz by soaking in ultrapure (Milli-Q) water overnight. The
peeling occurs due to the intercalation of a layer of water molecules between the hydrophilic
surface and the hydrophobic nanotubes embedded in the hydrophobic polymer (CAB). The peeled
layer floating at the surface of water was then transferred onto silicon substrates (SiO./Si)
patterned with alignment markers (created and etched on the substrate by lithography using S1818
resin, a positive photoresist, and reactive-ion etching (RIE)) and baked (70°C, 1 h). The CAB layer
was then removed by soaking in ethyl acetate solution (20 min), in acetone (5 min) and isopropanol
(5 min).

The in situ oxidation experiments were performed using a Field Emission Gun Environmental
Scanning Electron Microscope (ESEM, model FEI QUANTA 200 ESEM FEG) equipped with a
heating cell (5 mm inner diameter MgO ceramic crucible, 25-1500 °C) under 11 Pa of O at
temperatures in the range of 480-580 °C. The water cooling system of this device was associated
to an expansion tank that limited the stage vibration during the experiment. A specific detector
was used for in situ gaseous secondary electron imaging at high temperature. The nanotubes were
first imaged at room temperature under high vacuum (~10* Pa), and then the sample was heated
at 50 °C/min under vacuum. When the temperature reached 300 °C, a heat shield with electrostatic
bias was introduced between the sample and the electron column in order to protect the column.
O was introduced into the chamber when the sample temperature was stabilized to the desired
oxidizing temperature. During oxidation, images were recorded sequentially (4-10 sec per frame)
under 11 Pa of O using the optimized beam energy of 1.8 kV, spot size of 5, emission current of
150 pA and working distance of 20 mm. Note that the beam energy used in our experiments is
well below the knock-on displacement energy of carbon atoms in SWCNTs.*"*® Sample
temperature was measured by a home-made thermocouple placed just below the sample. The
temperature accuracy for each heating stage was verified by checking the fusion temperature of a

small gold wire.
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Supporting Information Available: Oxidation behavior of SWCNTs extracted from coupled
SEM-AFM experiments. SEM images of the nanotubes before, after and during oxidation at
different temperatures. Number, position, frequency and reactivity of cutting of the nanotubes
extracted from oxidation experiments at four different temperatures. Relation among number of
cutting, time of exposure to oxygen and reactivity of individual SWCNTs. Comparison of the
reactivity of metallic and semiconducting SWCNTs. Oxidation behavior of Raman pre-
characterized sample. Contrast fluctuation along the length of individual nanotubes. Effect of
prolonged electron beam exposure on nanotube oxidation. This material is available free of charge

via the internet at http://pubs.acs.org.
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