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How the alignment of adsorbed ortho H pairs
determines the onset of selective carbon
nanotube etchingt
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Unlocking the enormous technological potential of carbon nanotubes strongly depends on our ability to
specifically produce metallic or semiconducting tubes. While selective etching of both has already been
demonstrated, the underlying reasons, however, remain elusive as yet. We here present computational
and experimental evidence on the operative mechanisms at the atomic scale. We demonstrate that during
the adsorption of H atoms and their coalescence, the adsorbed ortho hydrogen pairs on single-walled
carbon nanotubes induce higher shear stresses than axial stresses, leading to the elongation of HC-CH
bonds as a function of their alignment with the tube chirality vector, which we denote as the y-angle. As a
result, the C—-C cleavage occurs more rapidly in nanotubes containing ortho H-pairs with a small y-angle.
This phenomenon can explain the selective etching of small-diameter semiconductor nanotubes with a
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similar curvature. Both theoretical and experimental results strongly indicate the important role of the
y-angle in the selective etching mechanisms of carbon nanotubes, in addition to the nanotube curvature
and metallicity effects and lead us to clearly understand the onset of selective synthesis/removal of CNT-
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and Kato et al."® reported selective etching of m-SWNTs or a
concentration increase of s-SWNTs using hydrogen plasma.
Huang et al.'® demonstrated preferential etching of m-SWNTs
over s-SWNTs through laser irradiation in air. The effect was
ascribed to the different rates of the photolysis-assisted oxi-

Introduction

A major difficulty for applying single-wall carbon nanotubes
(SWNTs) to nano-electronics is that almost all the current
available synthesis techniques produce a mixture of semi-

conducting (s-SWNTs) and metallic SWNTs (m-SWNTs)."?
Therefore, the fabrication of SWNT materials containing either
a high fraction of s-SWNTs* ' or m-SWNTs"> ™ is highly
important.

In addition to selective growth® and post-synthesis separ-
ation techniques,” nanotubes with the desired properties may
also be prepared in situ. Zhang and co-workers® presented
selective etching of metallic nanotubes by hydrocarbonation,
retaining the semiconducting nanotubes in a near-pristine
form. They reported that permanent removal of m-SWNTs
from the wafers is achieved with H-atoms in addition to
H' and CH;" ions in methane plasma. Also, Hassanien et al*?
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dation of the tubes. Zhang et al.” reported the fabrication of
well-aligned individual s-SWNTs by Xe-lamp irradiation.
Specifically, m-SWNTs, irrespective of their diameters, and
s-SWNTs with diameters less than 1 nm were preferentially
destroyed. The preferential etching of the m-SWNTs over the
s-SWNTs was demonstrated by in situ -V measurements,
showing a 200-fold increase in on/off ratios for FETs fabricated
from the as-grown SWNT arrays. Also, Shim et al.'* reported
preferential destruction of m-SWNTs using microwave
irradiation. In this case, well-aligned s-SWNTs were prepared
by using water vapor as a weak oxidant to etch the m-SWNTs
during or after SWNT growth.®

On the other hand, Hou et al.'” reported a sample enriched
with m-SWNTs. They initially obtained small diameter
s-SWNTs and large diameter m-SWNTs by tuning the experi-
mental parameters. Subsequently, due to curvature and temp-
erature effects,® small-diameter s-SWNTs were preferentially
removed by adding hydrogen as an etchant gas at a higher
temperature. However, they do not comment on either small-
diameter m-SWNTs or large-diameter s-SWNTs. Harutyunyan
and co-workers'® also reported preferential growth of
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m-SWNTs by varying the noble gas atmosphere during thermal
annealing of the catalyst, and in combination with oxidative
and reductive species, they noted, however, that the presence
of H, alone in the atmosphere does not lead to the preferential
growth of metallic tubes.

All aforementioned results indicate that metallic nanotubes
are preferentially etched over semiconducting tubes with a
similar diameter. However, the underlying reasons remain
elusive as yet. Particularly, the etching onset and thus the
overall H etching mechanism is still unclear. The atomic struc-
ture of a CNT can undergo severe physical distortions and
even structural changes, e.g., when H-atoms interact with its
cylindrical graphene wall(s). For example, molecular dynamics
demonstrated that upon hydrogenation, CNTs deform and
expand with increasing H-coverage.'® The local nanotube cur-
vature adds a fractional sp® character to the dominant sp>
bonding character, especially in narrow SWNTs, making them
more reactive and prone to hydrogen chemisorption.*?°
Chemisorbed hydrogen, in turn, significantly modifies the
structure and stability of the nanotubes and increases the
inter-tube distance. Furthermore, experimental results indicate
that such irreversible structural changes to the CNT structure
can begin when the H dose,"®*"*> H-atom exposure tempera-
ture’™*® and plasma power or H-exposure time'®**?* are
increased. Moreover, the incident H-atoms, which are gener-
ated in the H, plasma, amorphize and subsequently etch the
cylindrical graphene walls of the nanotube.>® Once an etch pit
is formed, etching proceeds rapidly, and the remainder of the
CNT is quickly etched away.>>** The reactions with H-atoms
occur much faster for cylindrical graphite rather than for
planar graphite, suggesting that the curvature enhances the
reactivity.?* >’

Despite the aforementioned investigations, however, the
etching onset and thus the precise mechanism of hydrogen-
based CNT etching is still not clearly understood. We here
provide evidence that nanotube etching is fundamentally
caused by H-adsorption induced stress depending on the
alignment of adsorbed H-pairs, in addition to the nanotube
curvature and metallicity effects.

Methods
MD/tfMC and ReaxFF

Hybrid classical molecular dynamics/time-stamped force-bias
Monte Carlo (MD/tfMC) simulations were used to follow the
system evolution during H-bombardment and H-etching. The
tfMC technique can very efficiently be coupled to canonical
MD simulations.”®*° Using this hybrid method, the initial
chemical reactions take place during the first few picoseconds
in the MD module and subsequently the longer time scale
relaxation of the system is taken care of in the MC module.
During both MD and MC calculations, all atomic interactions,
including bond associations and dissociations, are described by
the ReaxFF,*' using parameters developed by Mueller et al.*?
Note that the time and length scales of the problem at hand
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prohibit the use of computationally expensive DFT calculations
or more accurate alternative approaches. Application of the
combined tfMC/MD technique was previously demonstrated to
allow the description of relaxation processes in general, and
the simulation of the CNT nucleation process in particular,
in a much more efficient way compared to pure MD
simulations.*?*

MD/tfMC simulation details

Etch mechanisms are evaluated on armchair (5,5) and (8,8)
tubes, on zigzag (8,0) and (14,0) tubes, as well as on chiral
(6,4) and (7,2) CNTs. The calculated radii of the selected nano-
tubes are in close agreement with the experimental values.
Periodic boundary conditions are applied along the z-axis,
corresponding to a unit cell length longer than 2 nm, to
mimic an infinitely long nanotube. Prior to subjecting the
tubes to etching, they are thermalized and relaxed. All struc-
tures were equilibrated at the desired temperature using NpT
(Berendsen thermo/barostat®®) and subsequently canonical
NVT (Bussi thermostat®’) ensembles. The calculated radial,
tangential and axial stresses of the relaxed nanotubes prior to
hydrogenation are shown in Fig. S1 in the ESL{ The total
number of H atoms is kept constant throughout all simu-
lations. When a H atom adsorbs on the tube, the resulting
structure is allowed to relax by application of tfMC. During
this relaxation stage, no new atoms are allowed to impinge on
the CNT.

DFT calculations

All density functional theory (DFT) calculations were carried
out using pseudoatomic orbitals (PAOs) implemented in the
OpenMX code.*® The exchange-correlation energy in the gen-
eralized gradient approximation is described by the Perdew-
Burke-Ernzerhof functional (GGA-PBE).*’ The electron-ion
interaction was treated using norm-conserving pseudopoten-
tials®® with partial core corrections.*” A plane wave cut-off
energy of 150 Ry was applied. The convergence criterion of the
forces on the atoms for all geometry optimizations was set to
0.005 eV A",

Hydrogen plasma irradiation

Plasma irradiation was carried out by using a laboratory-made
diffusion plasma system. The SWNTs coated on a SiO, sub-
strate were placed in the diffusion region of the plasma
(45 mm away from the bottom electrode) during plasma
irradiation. Further detailed experimental information is
shown in the ESI (see Fig. S27).

Chirality selective etching of s-SWNTs

High-pressure CO conversion (HiPco) SWNTs were used as a
starting material for this experiment. The chirality distri-
butions of SWNTs were analyzed by UV-Vis-NIR spectroscopy.
After plasma irradiation, the SWNTs were dispersed into a
sodium chloride solution (~2 wt%) by 2 h ultrasonication
followed by 2 h centrifugation (30 000g) to obtain individually-
dispersed SWNT suspensions.
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Preferential etching of m-SWNTs

Chemically purified metallic and semiconductor SWNTSs
(Nanolntegris) were used as a starting material. The etching
rate of metallic and semiconducting SWNTs was estimated
from the time evolution data of Raman scattering spectroscopy
measured with He-Ne laser (wavelength: 632.8 nm) excitation.
Variation of Raman scattering spectra as a function of plasma
irradiation time was taken from the same SWNT sample by
repeating 10 s plasma irradiation followed by spatial Raman
mapping measurements.

Results and discussion
CNT curvature change

Due to pyramidalization and misalignment of the z-orbitals of
the C atoms,*® the adsorption barrier decreases and the nano-
tube reactivity increases significantly compared to a flat gra-
phene sheet.”>** In the hydrogenation process, therefore, the
impinging H atom or H, molecule can physically adsorb easily
and consequently (dissociatively) chemisorb on the small-
diameter CNTs.*>** Moreover, adsorbed hydrogen atoms diffuse
over the nanotube wall and form local surface clusters.">*”

In Fig. 1, the H clustering effect on the nanotube local cur-
vature is shown. When a single H-atom adsorbs onto a C
atom, the sp® character of both the C atom and its neighbors
converts to quasi sp’, which leads to an increase in the local
curvature of the nanotube and an increase in the reactivity of
these sites. Therefore, an incoming H atom or H, molecule
adsorbs nearby or moves towards the first chemisorbed H,
thus creating either para (red-red or blue-red H atoms), ortho
(blue-blue H atoms) or meta (blue-green or red-green
H atoms) pairs,*>*>*7*% as shown in Fig. 1, side view. Due to
the weak adsorption behavior of unstable meta pairs, para and
ortho configurations (with negative interaction energies in the

Fig. 1 Change in nanotube curvature during the hydrogenation after
coalescence of H adatoms, forming para (red—red or blue—red H pairs),
ortho (blue—blue H pairs) and meta (blue—green or red—green H pairs)
configurations on the tube. For the sake of clarity, C atoms of the tube

are not shown. During the hydrogenation, H coverage consecutively
changes from 0 (a) to 4% (b), 8% (c) and 9% (d).

cross-section

side view
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range of 0.11-0.44 eV) are preferred, which is in agreement
with hydrogen pairs on both planar*”*® and curved?%*3*>:%>¢
graphitic surfaces. The interaction energy of the H atom with
the CNT is defined as Ein = Ecnr-n — (Ecnr * 3Em,), Where
Ecnr-n, Eonr and Ey, are the total energies of the fully opti-
mized CNT-H structure, single nanotube and H, molecule,
respectively. Due to the appearance of quasi sp® neighbor
C atoms, H atoms can adsorb or move towards this reduced
barrier site (see Fig. S3 and S4 in the ESIf) and the hydrogen
concentration thus significantly increases in this region. Such
an ordering and clustering effect has also been observed in
DFT-based calculations on both graphene and SWNTs partially
covered with hydrogen.*®*>*” Also, new incoming H atoms can
adsorb or move to opposite ends of the (now elliptical) struc-
ture due to the increased local curvature (see Fig. S4 in the
ESI}). Adsorbed hydrogen atoms thus have the tendency to
cluster on both sides of the elliptical nanotube and hydro-
genation can eventually lead to formation of parallel nanotube
ribbons.> Generally, our results show that clustering of
H atoms can significantly increase the local curvature,
which eventually leads to initiate CNT etching during the
hydrogenation process.

Note also that hydrogen atoms adsorb and cluster, but may
also desorb either by the Langmuir-Hinshelwood recombina-
tive desorption or the Eley-Rideal abstraction mechanisms
during hydrogenation.>*”>* Due to hydrogen desorption as well
as its low sticking probability, the nanotube surface is not fully
covered by a hydrogen “shell”. At low temperature, the cover-
age reaches about 20% before stagnating (see Fig. S5 in the
ESIf) in agreement with experimental evidence: a similar
adsorption trend at room temperature was reported with a
total residual H, storage capacity between 21 and 25%.%° At
high temperature (1600 K), however, the coverage rises steeply
and does not stagnate due to the easy breaking of C-C bonds
in the nanotube; at about 15% and 27% coverage, the arm-
chair and zigzag nanotubes are getting etched, respectively.

During the hydrogenation, the formation of all three
H-pairs is random and their number is low due to simul-
taneous H, desorption. In the hydrogen clustering, both para
and ortho configurations are found on the tube surface,
whereas meta-pairs are much less frequently observed. It is
invariably the ortho pairs, however, which are responsible for
the initial C-C bond breaking, determining the onset of the
CNT etching.

y-Angle

To understand the reason for the initial C-C bond breaking,
hydrogen interaction with armchair, zigzag and chiral nano-
tubes with a similar curvature (i.e., diameters in the range of
0.64-0.7 nm) and with different possible ortho H-pairs are
investigated, as shown in Fig. 2. In order to distinguish
different aligned ortho pairs, we introduce y, the characteristic
angle between an ortho HC-CH bond and the Cj chirality
vector. The arrangement of ortho bonds on the same tube is
easily differentiated by three y-angles, ie., y; = 30° — 6, y, =
30° + @ and y; = 90° — 6, respectively (where @ is the chiral
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Fig. 2 Possible ortho HC—CH bonds (in blue) on the armchair, zigzag and chiral nanotubes. y is the angle between an ortho HC-CH bond and the

chirality vector of the nanotube.

Table 1 Dependence of HC-CH lengths on the global shear and axial strains, as obtained from the MD calculations

y=00 ¥ =300 7 =60° 7=90°
(duc—cr/do-c) — 1, % Shear 13% No bond 16.1 14.1 13
19% No bond No bond 14 13
Axial 4% 16.3 17 17.2 16.3
1(5,5) (8,0)
: 2000+ (8,0)
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Fig. 3 Dependence of the elongation of the C-C bond with ortho
H-pairs on the y-angle. The chirality of the different carbon nanotubes
are given in parenthesis. The results obtained by MD and DFT are
colored red and blue, respectively.

angle of the CNT). For example, on the chiral (7,2) nanotube,
three different ortho bonds with angles of about 18°, 42° and
78°, respectively, are found. In zigzag and armchair nanotubes,
however, two of the y-angles are identical. Therefore, the ortho
pairs on the (8,0) zigzag tube can be positioned either perpen-
dicular to the chiral vector, i.e., 90°, or they form an angle of
30°. Similarly, on the (5,5) armchair tube, they are either paral-
lel to the vector (i.e., 0°), or they form an angle of 60°.

While a single ortho HC-CH bond hardly affects the tube
curvature, it can significantly affect the C-C bond length. We
found that the length of ortho HC-CH bonds increases with
decreasing y-angle. Due to the H adsorption, the HC-CH bond
elongates from 13% to 16% in our MD calculations and from
6.5% to 15.5% in our DFT calculations, respectively, both
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Fig. 4 Temperature for breaking of aligned ortho HC—CH bonds on
single-walled nanotubes with y = 0°, 7°, 18° and 30° for (5,5), (6,4), (7,2)
and (8,0) tubes, respectively.

depending inversely on y, which varies between 0° and 90°.
While these results differ quantitatively depending on the cal-
culation technique, the y-dependence of the HC-CH bond
elongation is qualitatively the same. Also, we found that the
H-H bond length (2.11 A-2.25 A) and CCH-angle (102°-110°)
in the ortho HC-CH bond are proportional to the y-angle,
which may affect the H adsorption energy.

The results show that C-C cleavage occurs easily due to
higher strains in the ortho HC-CH bonds with minimum
y-angles. In Table 1, we show the calculated HC-CH ortho
bond length elongation due to applied shear and axial strains
as a function of y, for y corresponding to 0°, 60° and 30°, 90°
for (5,5) and (8,0) nanotubes, respectively. In the case of y = 0°
and y = 30°, the maximum C-C bond length is deformed by
16.3% and 17%, respectively, when an axial tensile strain of

This journal is © The Royal Society of Chemistry 2017
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4% is applied. When a shear strain of 13% is applied, the C-C
bond is broken for y = 0°, while a shear strain of 19% yields a
broken C-C bond in the case of y = 0° or 30°. It is therefore
likely that in those configurations, the C-C bond can easily
break due to thermal fluctuations. In the configurations
corresponding to y = 60° and y = 90°, the maximum C-C bond
length deformation is observed when an axial tensile strain of
4% is applied. In that case, the C-C bond length is elongated
by 17.2% and 16.3%, respectively. When a shear strain
between 13% and 19% is applied, or when no strain is applied
at all, the C-C bond length increases by 14% and 13% for y =
60° and y = 90°, respectively. Note that in the case of y = 90°,
applying a shear strain has no influence at all on the bond
length. The results indicate that the elasticity is closer to tube
failure in the radial direction than in the axial direction. The
key point is that in all cases, hydrogen adsorption leads to a
significant C-C bond length increase due to the adsorption-
induced shear strain. Such a mechanical-chemical effect in
the process of hydrogenation of highly twisted carbon nano-
tubes was also investigated using reactive MD simulations.’®
It is well known that such deformed and strained structures
naturally appear due to CNT breathing with increasing
temperature.'®>’

The influence of temperature on the breaking of aligned
ortho HC-CH bonds is shown in Fig. 4. The graph illustrates
that the average temperature for C-C breaking is 1317 K,
1482 K, 1710 K and 1950 K for the ortho configurations on
(5,5), (6,4), (7,2) and (8,0) tubes with minimum y-angles of 0°,
7°, 18° and 30°, respectively. The ortho HC-CH bonds, already
elongated due to adsorption of ortho H pairs, can be broken
when the temperature increases: the temperature increase

Paper

induces more (initially non-zero) shear stresses rather than
(initially zero) axial stresses®® on the nanotube (see Fig. S1 in
the ESIt). As a result, the trend plotted in Fig. 4 indicates that
ortho bonds with a smaller y-angle are more easily broken due
to thermal fluctuations (or CNT radial breathing®’), which
eventually leads to etching of the nanotube.

Due to the high concentration of adsorbed hydrogen, small
diameter SWNTs can also be etched or cut at low temperature
(see Fig. S6 in the ESIt). Our simulations demonstrate that the
etching process at 300 K is initiated by this strained ortho C-C
breaking due to an increase of the local curvature of the (5,5)
nanotube during the coalescence of adsorbed hydrogen atoms.
After breaking of this C-C bond, the average distance between
the C atoms involved is 2.9 A. The distance between their
respective H atoms is 2.1 A: these values agree well with zero
Kelvin ab initio calculation results of 2.77 A and 2.18 A,
respectively.”® Such C-C bond breaking eventually leads to
etching or cutting the small-diameter nanotube at low temp-
erature, which is in agreement with experimental evidence.**

To clarify the role of the y-angle in CNT etching with H,
plasma, we provide experimental evidence in Fig. 5. Due to the
high reactivity and thus high adsorption probability of
H atoms, metallic (E; = 0) or semi-metallic (E, ~ 0) CNTs are
very quickly etched. To avoid the metallicity and curvature
effects, we select semiconductor (E, ~ 1 eV) CNTs, iLe., (6,5),
(7,5) and (8,3) with diameters of 0.747 nm, 0.818 nm and
0.772 nm, respectively. The minimum y is equal to 3°, 5.5° and
14.7°, respectively, for these tubes. Since the absorbance
(Iap(2)) of (n,m) chirality CNTs is proportional to the area of the
graphitic structure in (n,m) chirality SWNTs, we estimated the
etching probability of each (n,m) chirality CNT from the vari-
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(a) Typical raw UV-vis-NIR absorption spectra of HiPco CNTs before (dashed blue curve) and after 180 s (solid red curve) H, plasma

irradiation. The absorbance was normalized by that of the (7,5) CNT for each spectrum. The red arrow indicates the preferential depletion of the (6,5)
component after plasma irradiation. (b) Normalized UV-vis-NIR absorption (/,5(t)//,,(0)) for each chirality as a function of plasma irradiation time (t).

(c) Histogram of 1,,(180)//,,(0) plotted with minimum y.
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ation of L(t) as a function of H, plasma irradiation time (¢).
The I(t) for each (n,m) chirality CNT was measured by decom-
posing UV-vis-NIR spectra with multiple Lorentzian curve
fitting (Fig. 5(a)). Since I(¢) is sensitive to the chiralities,
Lp(t) was normalized by the data before plasma irradiation (¢ =
0 s) for each (n,m) chirality CNT, enabling to discuss the chiral-
ity dependence of the etching probability. Interestingly, the
time evolution of I,,(t)/L(0) clearly varies for each chirality
species. This indicates that there is a chirality dependence for
the etching probability of CNTs (Fig. 5(b)). Then, I(¢)/Lp(0) at
t = 180 s is replotted as a function of minimum y (Fig. 5(c)).
The I,,(180)/,,(0) ratio of (6,5) CNTs shows a minimum value
and increases with minimum y, denoting that the etching
probability of each chirality CNT decreases with an increase in
minimum y. This is consistent with the results of the calcu-
lations shown in Fig. 4.

The overall results indicate that the effect of the y-angle
should also be taken into account in the CNT hydrogenation
and its etching, in addition to the curvature,>*® tempera-
ture®*>" and metallicity®® ! effects. The ortho H pairs more
perpendicular to the tube axis (y — 0°) are responsible for the
C-C bond breaking for single-walled nanotubes. The distortion
of the ortho C-C bonds depends on the local curvature, and
increases due to both the clustering of adsorbed H atoms and
the temperature-dependent nanotube breathing. It is thus the
combination of CNT breathing, C-C bond elongation upon
strain when H-covered, and thermal fluctuations which even-
tually leads to initiation of the etching of carbon nanotubes.

H etching mechanism of CNTs

Based on these findings and previous experimental®?*>*23
and theoretical/computational*®*>?%%>%1 studies, we can now
unravel the H etching scenario for carbon nanotubes. As
depicted in Fig. 6, three stages can be distinguished: (1)
H adsorption and clustering, subsequent (2) defect creation
and finally (3) etch initiation (or etch pit formation).

In the first stage, H atoms or H, molecules (dissociatively)
adsorb on the surface and cluster, leading to the occupation of
neighboring sites as described above (Fig. 6a). Regarding pre-
vious experimental and theoretical results, both the nanotube
curvature (and thus diameter)****?® and its electronic
structure®*™®' play an important role in increasing the chemi-
cal reactivity of small-diameter nanotubes in this stage. In
large diameter nanotubes, however, the nanotube reactivity
merely depends on its metallicity due to its lower curvature.
Incoming H atoms or H, molecules preferentially adsorb on
metallic single-walled nanotubes rather than on semi-metallic
and semiconducting tubes due to its zero band gap, followed
by clustering. Such clustering of H atoms® can increase the
local curvature of the nanotube (see Fig. 1) and subsequently
weaken the C-C bonds at that site.

The second stage starts when the first defect appears due to
breaking of an ortho C-C bond with a minimum y-angle (i.e.,
HC-CH bond alignment to the chirality vector) (Fig. 6b). We
found that the minimum p-angle is responsible for the bond
breaking after the local change in the nanotube curvature.
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Also, the effect of temperature-dependent nanotube breathing
enhances the C-C breaking at high temperatures. The most
significant C-C bond breaking is found for armchair tubes
due to their ortho HC-CH bonds with y = 0°, which are thus
more likely to be etched compared to zigzag tubes (see Fig. S7
in the ESI}). The C-C bond breaking in both nanotubes is due
to the presence of strained HC-CH ortho bonds with y = 0° and
y = 30°, respectively. However, the y = 0° ortho bonds are more
prone to breaking (¢f. Table 1 and Fig. 3 and 4), which indi-
cates why armchair (metallic) nanotubes are indeed preferen-
tially etched over zigzag (semiconducting or semi-metallic)
nanotubes (see Fig. S8 in the ESIt). Furthermore, the effect of
the y-angle explains the selective etching of semiconducting
nanotubes with a similar diameter via H,-plasma (Fig. 5).
Moreover, we can suggest that H adsorption increases due to
both the metallicity®® and the y-angle, and thus semi-metallic
(chiral or zigzag) tubes are also etched faster than semi-
conducting tubes.

In the third stage, additional ortho pairs of H-atoms rapidly
occupy nearby neighboring sites, leading to the formation of a
hole or so-called etch pit, as shown in Fig. 6¢ (see also the last
frame of Fig. S6 in the ESIt). The C-C bonds connecting these
sites are consecutively broken. This result closely resembles
the experimental evidence on graphite and MWNT etching,*’
showing the formation of holes and etch pits upon H-atom
exposure. Also in agreement with experiments, we observe in
the simulations that the initial etch pit formation occurs at a
site on the CNT wall that contains a defect.>®> Moreover, as can
be seen in Fig. 6¢, the resulting hole in our simulations is sur-
rounded by H-atoms, as was previously also demonstrated
experimentally by EELS measurements.>® This indicates that
the carbon atoms in that region remain purely sp*-bonded.
This leads to initiate the fast etching of the CNT, in agreement
with the experimental observations.?>?*2

In general, the initial C-C bond cleavage (stage 2) is slower
than both the hydrogenation/dehydrogenation (stage 1) and
etch-pit formation steps (stage 3). NEB-calculations®® indicate
that the energy barrier for C-C bond breaking (0.8 eV) is
higher than the H adsorption (0.24 eV) and surface diffusion
barriers (0.57 eV). This indicates that the second stage (i.e., the
etching onset) is the rate-limiting step in the hydrogenation/
etching of carbon nanotubes.

Fig. 6 Defect creation and destruction mechanism of a nanotube: (a)
partial hydrogenation of a carbon nanotube; (b) C—C bond breaking in
the H-terminated carbon site; (c) creation of a hole (or etch pit) in that
site.

This journal is © The Royal Society of Chemistry 2017
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Conclusion

Based on our theoretical and experimental results, we unravel
the H etching mechanism for carbon nanotubes, which can be
subdivided into three consecutive steps: H adsorption and
clustering, defect creation and etch pit formation or etch
initiation. After adsorption and clustering of H atoms, the
local curvature of the tube changes (increases). Such curvature
increase leads to elongation of C-C bonds in this area and
subsequent breaking of strained ortho C-C bonds with a
minimum p-angle, i.e., angle between the ortho HC-CH bond
and the chirality vector. We found that ortho H pairs more per-
pendicular to the tube axis (y — 0°) are responsible for C-C
bond breaking for single-walled nanotubes, which in turn
determines the onset of the CNT etching. Finally, an etch pit is
formed due to H occupation of C atoms close to the defect
site, inducing further CNT etching. Overall, our results demon-
strate that the y-angle can explain (1) the preferential etching
of armchair tubes over zigzag tubes and (2) the selective
etching of semiconductor tubes with a similar diameter. Our
atomic-scale study strongly indicates that the chirality depen-
dent y-angle, in addition to the nanotube curvature and its
electronic structure, is the key parameter in the selective
etching of carbon nanotubes.
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