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ABSTRACT: High-density single-walled carbon nanotube
(SWNT) array is a basic premise for its application in \A‘\\;f:_"\f:'“"""""-‘“
nanoelectronic devices in the future. Generally, it is '

considered that the improvement in catalyst efficiency is a \/ﬂ. Q/

possible route to increase the density. Here, we designed a

# PPC | Physical Poisoning Catalyst m ‘

® SPC : Structural Poisoning Catalyst

multiple-catalysts reactivation method to increase the catalyst n

efficiency. By multiple H, treatment, we could successfully PN B Reactivation

. . H -

improve the density of the SWNT arrays by an average of -0 H

65%. Moreover, a new model to describe the multiple- ‘h
. . e re S Co

catalysts reactivation process was established to deeply — Cycle two o — / .

understand the mechanism of catalyst poisoning, and two Q/ s

possible types of catalyst poisoning: physical poisoning (PP)

and structural poisoning (SP) were proposed. Only poisoned catalysts with PP type could be reactivated to produce new carbon
nanotubes. By comparing different metal catalysts, we found that the ratio of PP to SP catalysts was highly related to the growth
model, including vapor—solid (VS) and vapor—liquid—solid (VLS) model. Specifically, catalysts with VS mechanism (like W or
Cu) showed higher PP ratio than those with VLS mechanism (like Co). The relationship between poisoning type and growth

model mode may also contribute to the further catalyst design for high-density SWNT arrays.

1. INTRODUCTION

The approach to the limit of Moore’s law makes researchers
eager to search more efficient materials to replace silicon in the
semiconducting industry.' Single-walled carbon nanotubes
(SWNTs) have been regarded as a promising candidate with
excellent electronic transport properties.” For device applica-
tions, high-density horizontally aligned SWNT arrays are
intensively required.” During the past decade, lots of work has
been done to obtain SWNT's with high-density and large scale,
including post-treatment method*™’ and direct growth
method.”” In the first approach, the SWNTs were produced
in liquid phase after dispersion, such as Langmuir—Schaefer
method,’ fringing-field dielectrophoresis,” solution shearing,7
and Langmuir—Blodgett method,” and ion-exchange chemical
method.”” However, the SWNTs inevitably become contami-
nated, shortened, and misaligned after dispersion in the
solution. Meanwhile, great progress has been made on the
direct growth method by chemical vapor deposition (CVD)
system, which could produce SWNTs with both high quality
and high orientation. However, one of the biggest problems
that blocks the development of direct growth samples is the
low array density. Generally, it is considered that the low
density of active catalysts is the reason why the density of
SWNTs cannot continue to improve. Therefore, many groups
tried to enhance the density of active catalysts by multiple
catalysts loading,"" multiple cycle growth,'”"* and gradual
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release of catalysts (which is also called “Trojan Catalysts”).”
The local density of the obtained SWNTs could be as high as
160 tubes per um by the Trojan Catalyst method on sapphire.”
Besides simply increasing the amount of loaded catalysts,
another way to provide more effective catalysts isto increase
the efficiency of the catalysts. Based on this, reactivating the
poisoned catalysts is helpful in increasing the opportunity for
catalysts to nucleate more SWNTs. Unfortunately, the
mechanism of catalyst poisoning is still lacking understanding,
blocking further increase in catalyst efficiency.

In this work, we designed a multiple-catalysts reactivation
method and carried on the discussion to the poisoning
mechanism of the catalysts. Experimentally, we chose H, as an
etchant to remove the amorphous carbon around the catalysts,
which is considered as one of the main reasons for catalyst
poisoning. During the experiment, we found that the efficiency
of catalysts reactivation decreased with increase in the cycle
times, and the reactivation efficiency of different metals was
obviously different. We conjectured that there might be
different types of catalysts poisoning, which were classified as
physical poisoning (PP) and structural poisoning (SP). Only
poisoned catalysts with PP type could be reactivated after
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Figure 1. Schematic illustration of multiple-catalysts reactivation process and characterization of SWNT arrays synthesized on quartz. (a) Scheme
of growing high-density horizontally aligned SWNT arrays by multiple-catalysts reactivation method. Two different types of catalyst poisoning
mode, including physical poisoning and structural poisoning. (b) Experimental process of the growth of SWNT arrays on quartz. (c, d) Scanning
electron microscopy (SEM) and atomic force microscopy (AFM) images of the high-density SWNTs on substrate. (e) Raman spectra of the as-

grown SWNTs with $14.5 nm excitation.

the hydrogen (H,) treatment process. Transmission electron
microscopy (TEM) and in situ Raman also verified the
removal of carbon shells around catalyst nanoparticles, which
strongly supported the surmise of PP mechanism. Moreover,
we established a new model to describe the multiple-catalysts
reactivation process and calculated the probability of catalysts
reactivation values of three kinds of metal catalysts. It was
found that the ratio of PP to SP catalysts was highly related to
the SWNTs growth mode, which could determine the route of
carbon species diffusion on the catalysts and further influence
the carbon species’ deposition and the poisoning of catalysts.
Specifically, catalysts with high melting point (like WC) or low
carbon solubility (like Cu) trended to follow vapor—solid (VS)
mechanism, whereas catalysts with high carbon solubility and
lower melting point (like Co) were inclined to follow vapor—
liquid—solid (VLS) mechanism. The PP ratio of VS-based
catalysts is observed to be much higher than that of VLS-based
ones. By using Cu as catalyst, we could improve the density of
the SWNT arrays by an average of 65%.

2. METHODS

2.1. Multiple-Catalysts Reactivation Method. The
process is illustrated in Figure 1. First, a 4 mm X 6 mm
quartz (Hefei Kejing Materials Technology Company, China)
was used as substrate for the growth of lattice-oriented SWNT
arrays. We scratched catalyst lines on the quartz wafer with
H,N;,0,,W;, (0.1 mmol L"), CoCl, (0.1 mmol L"), and
CuCl, (0.1 mmol L™") ethanol solution by needle and heated
the wafer up to 830 °C for 10 min in air. Then, the catalysts
were oxidized to W,0,, Co,0,, and Cu,O, respectively. After
argon (Ar, >99.99%, 300 sccm) was introduced to eliminate
air, H, (>99.99%, S0 sccm) was supplied to reduce the catalyst
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nanoparticle for 10 min. Ethanol, which was used as a carbon
source, was introduced afterward into the quartz tube by the
bubbling method with Ar as the carrier gas (30—70 sccm). The
first growth was finished after 10—30 min. Then, the
temperature of the furnace was cooled to 500 °C with Ar
(>99.99%, 300 sccm), followed by the introduction of pure H,
(>99.99%, 50—100 sccm) to reactivate the poisoned catalysts
for 15 min. The two steps above are called cycle 1. Next, the
furnace temperature was raised to 830 °C with the carbon
source and H, again, and so on.

2.2. In Situ Catalysts Reactivation Observation
Experiments. In situ catalysts reactivation experiments took
place by means of miniature CVD system equipped with
Raman system. The Raman excitation laser (514 nm) was
focused on the sample through a long working distance
objective lens (50X). The Raman spectra from SO to 1800
cm™! were in situ collected per minute in the early stage, and
every 10 min from the 10 to 50 min.

2.3. Morphology and Component Characterization of
SWNTs. Morphology of SWNT array is characterized by
scanning electron microscopy (SEM, Hitachi S4800 field
emission, Japan, operated at 1.0 kV), transmission electron
microscopy (TEM, FEI Tecnai F30, acceleration voltage 300
kV), and atomic force microscopy (AFM, Dimension icon
Scan Asyst). Component characterization of catalysts is
characterized by X-ray photoelectron spectroscopy (XPS,
Axis Supra/Ultra, 15 kV).

3. RESULTS AND DISCUSSION

3.1. Selection of Etchants and Experimental Design
for Catalyst Reactivation Method. To realize the
reactivation of poisoned catalysts, it is important to choose a
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Figure 2. Analysis of the number of tubes and reactivation efficiency during multiple reactivation by Cu. (a) SEM images of SWNTs during
multiple reactivation at the same position. Arrows in white refer to the newly grown SWNTs and those in yellow refer to the etched SWNTs. (b)
Statistics of the tube numbers over cycle times. (c) Growth ratio of multiple reactivation.
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Figure 3. Verification of the effect of the H, treatment in the process. (a, b) SEM images of a catalyst strip before (a) and after (b) H, treatment.
(c) The average intensity and Raman mapping of G-band without H, treatment under 25 °C (1) with H, treatment under 500 °C (2) and 550 °C
(3). The insets are the Raman mapping of the G-band on catalyst stripes by Cu. The wavelength of the excitation laser is 488 nm. (d) The scheme
of in situ Raman characterization of the H, treatment process. (e) Measurement of the peak area and the peak height from short (e, 1—7 min) and

long (f, 10—50 min) periods of time. The wavelength of the excitation laser is 514 nm.

suitable gaseous etchant, such as 0,716 H2,17’18 N2H4,19
H,0,”*! COZ,ZZ’23 NH3,24 SO, etc. Considering that

oxidative gases might react with catalysts and form new
species,”® the impact of reductive gases on the structures of
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Figure 4. Detailed characterization of catalysts before and after reactivation by Cu. (a, b) TEM characterization of catalysts before (a) and after (b)
H, treatment. (c, d) XPS characterization of catalysts before (c) and after (d) H, treatment.

catalyst might be smaller. Among the reducing etchants, H, is
widely used in the growth of well-graphitized SWNTs, and
adding H, for catalysts reactivation could make the system
operate easily and continuously.

The schematic illustration of multiple-catalysts reactivation
process is shown in Figure 1lab, and the details of the
experimental process are described in Section 2.1. The results
show that H, could not harm the structure of the SWNTs
below 500 °C but could produce fractures on SWNT's above
550 °C (Figure S1). Therefore, we chose 500 °C as a proper
temperature for catalysts reactivation in Section 2.1. With this
method, we obtained the SWNT arrays with the average
density of 18 tubes per yum on quartz (Figure 1c,d). Raman
spectra exhibit that the radial breathing peaks were distributed
between 160 and 200 cm™), a strong evidence that our as-
grown samples are single-walled with a typical diameter around
1.2—1.6 nm on quartz (d = 248/w). Moreover, the quality of
the obtained SWNTs by this method is high, with barely
noticeable defect-induced D-band (Figure le).

To further analyze the efficiency of catalysts reactivation, we
designed six growth cycles by Cu catalysts under the same
conditions. Figure 2a demonstrates that the number of SWNT's
varies with the growth cycles at the same observation area in
which the white arrows in the SEM images refer to the newly
grown SWNTs and the yellow ones refer to the etched
SWNTs. Figure 2b shows the statistics of the tube numbers
over cycle times. We further analyzed the evolution trend of
the number of SWNTs and found that the growth ratio was
positive in the second growth cycle but turned negative from
the fourth growth cycle (Figure 2c), where the growth ratio
was defined as the change in the number of SWNTSs between
adjacent cycles. It indicated that three growth cycles might be
the most suitable condition. Overall, the density of SWNT
arrays is increased by an average of 65% from one growth cycle
to three growth cycles.

We speculated that reactivating and etching effect coexisted
in the SWNTs growth process. The reactivating rate of
catalysts is higher than the etching rate in the early stage, thus
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growing effect is dominated. Nevertheless, because the
efficiency of catalysts reactivation gradually declines with
increase in cycle times, the etching rate will exceed the
reactivating rate in the later period. Then, etching effect plays a
major role.

3.2. Mechanism of the H, Reactivation Process. SEM
images show that the SWNTSs remain intact (Figure 3a), but
catalyst lines become obviously distinct after H, etching
(Figure 3b). We inferred that the change in the brightness of
the catalyst stripes might be caused by the the reduction of
electron-rich materials (amorphous carbon, graphitic carbon,
etc.) during the H, treatment. To find the reason behind this
phenomenon, Raman spectroscopy is a useful way to monitor
the process with both ex situ and in situ. It is well known that
G-band is the tangential mode of sp> C—C. Both SWNTs and
carbonaceous impurities (graphitic or amorphous carbon
particles) would contribute to the G-band intensity. We
standardized the intensity of the G-band and calculated the
ratio of the G-band to the Si-band, and it was shown that the
average intensity of the G/Si ratio on the catalysts strips (data
from 48 positions) decreased with increase in the temperature
in Figure 3c. Besides, the Raman mapping images of the G-
band of catalyst lines without H, treatment at room
temperature (25 °C) and with H, under 500 and 550 °C are
shown in the inset. A change in the Raman intensity further
improves the disappearance of some of the carbonaceous
components on the catalyst region.

In situ observation is helpful for providing the information of
the component of catalyst stripes changing over time.
Therefore, we proceeded with in situ Raman characterization
of the reactivation process by means of miniature CVD system
equipped with the Raman system (Figure 3d). Instrument
parameters and experimental process are introduced in Section
2.2. The sample is placed on the heating stage at 500 °C and
H, is supplied throughout the observation process. The Raman
signal is collected every minute in the early stage (Figure 3e)
and every 10 min from the 10 to SO min (Figure 3f). The
results show that both intensity of the peak area and peak
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Figure S. Theoretical model of catalysts reactivation. (a) Schematic illustration of the complicated and simplified growth model for multiple
reactivation process. (b—d) Statistics of the growth ratio of SWNTs in the adjacent cycle experiment by using different catalysts of Cu (b), W (c),
and Co (d). (e—g) The distribution of the PP and SP of Cu (e), W (f), and Co (g).

height of the G-band decrease significantly over time. The
intensity of the Raman signals decreases rapidly in the first
several minutes and then becomes slower gradually, which
agrees with the classical reaction dynamics.

To provide more intuitive information about the structure of
poisoned catalysts and its reactivation, we characterized the
morphology of catalyst particles by TEM. We dropped the
catalysts solution on the Si;N, grid and put it into the CVD
system to grow SWNTs. To improve the possibility to
investigate the results of catalysts poisoning, we prolonged
the growth time and reactivation time for 1 h. With TEM
imaging, it is seen clearly that the surface of the poisoned
catalyst particles is overlaid with some continuous laminated
materials after one-time growth (Figure 4a). After long-time
H, treatment, such continuous materials are markedly reduced
(Figure 4b). To analyze the chemical component of the
materials, we used XPS as a powerful tool. To achieve the
lowest detection limit, we changed the substrates and
improved the catalysts loading quantity. The result is shown
in Figure 4c¢,d, in which the main peak is 284.5—284.8 eV and
the second highest peak is 285.6—286 eV. Because SWNTs are
composed of crystallized graphitized layer structures, the main
peak is attributed to the graphitic carbon. As for the second
highest peak, it is reported to be related to the structural
defects on the surface.”””® These defects are some carbon
atoms in another state beyond pure graphitic sp> ones. After
the catalysts reactivation, the second highest peak dramatically
declined, indicating the amorphous carbon species were
removed from the system. Through the above characterization,
we claimed that some catalysts could be covered by continuous
laminated carbon shells and prevented from further contacting
with the carbon feedback, which leads to the inactivation of the
catalysts. Moreover, these carbon shells could be etched under
our H, treatment condition, and catalysts connection is re-
established with the carbon feedback. We claimed that the
formation of carbon shell should be one of the main
mechanisms for catalyst poisoning.

We also found that only part of the poisoned catalysts could
be reactivated, and the efficiency of the catalyst reactivation
decreased with increase in the cycle times. Based on this, we
regarded the poisoned catalysts with reactivation ability as
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physical poisoning (PP) catalysts and the ones without the
reactivation ability as structural poisoning (SP) catalysts. We
claimed that carbon shell on the surface of catalysts is the main
reason for physical poisoning, whereas the mechanism of
structural poisoning is unclear until now. Currently, we
speculated that the possible reasons for SP catalysts might be
»73! the migration of
the catalysts,30 transformation into other inactive phases,32 and
so on. It would be helpful to use environmental transmission
microscopy to further study the reasons for the structural
poisoning catalysts by monitoring the growth process.

3.3. Model of Describing the Multiple-Catalysts
Reactivation Process. To compare the ratio of PP catalysts
in different metals, we established a growth model to describe
the multiple-catalysts reactivation process (Figure Sa). In the
initial stage, all of the catalyst particles are active (blue balls).
After the first growth, some catalysts lead to the growth of
SWNTs (black lines), some catalysts are poisoned (brown
balls), and the others keep their catalytic activities (green
balls). Then, part of the poisoned catalysts could be
reactivated, and some brown balls are transformed into blue
balls with a specified probability. After the second growth,
newly grown SWNTSs are synthesized by the active catalysts,
and so on.

For the convenience of description, several parameters are
defined, where the total number of the effective active catalysts
is N, the probability of catalysts poisoning is d, the probability
of catalysts reactivation is r, and the probability of catalyst
particles to keep their catalytic activities after one time growth
is 1, thus the probability of catalysts for SWNTs growth is 1 —
d — n. We assumed that these parameters are constant in the

numerous, including Ostwald ripening,

multiple reactivation process. Based on this, the number of
SWNTs at different growth cycles (defined as x;, x,, x3,...) is
demonstrated by (detailed calculation is shown in Supporting
Information, Table S1)

ﬁ=1+(l—n—d)+dr
Xy

(1)
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ﬁ=1+(1—n—d+dr)><(l+1—n—d+dr)
Wl

+dr(l1 —r) (2)

To further simplify the model, we analyzed the number of
SWNTs by Cu catalysts under different growth times (10, 20,
30, and 40 min) in Figure S2 and found that the newly grown
SWNTs decreased with increase in growth time. It indicates
that if the catalysts particles are provided with sufficient growth
time, the active catalysts (including reactivated catalysts) are
used either to synthesize new SWNT' or be poisoned. In other
words, n can be negligible in eqs 1 and 2. The results show that
appropriate growth time for different catalysts is 30 min for Cu,
30 min for Co, and 10 min for W, respectively. Based on this,
the simplified model of the number of the SWNTs is shown by
(detailed calculation is shown in Supporting Information,
Table S2)
2 _ 1+ dr

* 3)
s 14 dr+dr(1 — r) + d*%*

X (4)

3.4. Efficiency of Reactivation in Different Catalysts.
After a three-cycle reactivation process (including 3 steps of
growth and 2 steps of H, treatment), we analyzed the
difference in the efficiency of reactivation in different catalysts
(Cu, W, and Co). Based on the large number of statistical
analysis on the increased ratio of SWNTs (defined as

%, %) in Figure Sb—d, we found that the r in Cu, W,
1 2

and Co was 0.79, 0.61, and 0.29, respectively. The detailed
statistics are illustrated in Figure S3 and Table S3. As discussed
above, the probability of poisoned catalysts with reactivation
ability is regarded as r, which is also the probability of physical
poisoning (PP) catalysts. Only poisoned catalysts with PP type
could be reactivated to produce new carbon nanotubes.
However, the probability of catalysts without the reactivation
ability is regarded as 1 — r, which is defined as the probability
of structural poisoning (SP) catalysts. The results of the
distribution of the PP and SP of different catalysts is illustrated
in Figure Se—g, which is 21% SP, 79% PP for Cu, 39% SP, 61%
PP for W, and 71% SP, 29% PP for Co.

It is found that the ratio of PP or SP in a kind of catalyst was
highly related to the growth model, including vapor—solid
(VS) and vapor—liquid—solid (VLS) models. The growth of
SWNTs by the VS model is mainly promoted by the surface
diffusion of carbon species on the surface of catalysts, and the
graphitized initial cap is formed at lower energy state. As for
the VLS model, carbon species dissolve into the liquid catalysts
and then precipitate to form SWNTs, when the particles are
highly supersaturated. Therefore, the growth model could
determine the route of carbon species diffusion on the catalysts
and further influence the poisoning of catalysts.

Specifically, owing to the low carbon solubility of Cu,*
SWNTs are grown by a surface-catalyzed process on Cu
catalysts, which tend to follow the VS mechanism. The metal—
carbon phase diagrams are shown in Figure S4. Meanwhile,
because of high melting point, either tungsten or tungsten
carbide®® as catalysts are considered to remain solid and
stable under the growth process and carbon species migrate on
the surface of the catalysts. Thus, W-based catalysts also tend
to follow the VS mechanism. The diffusion, migration, and

deposition of carbon species mainly happen on the surface of
the catalysts,*® and the treatment of the surface of the catalysts
is much more effective. Therefore, this kind of catalysts in the
VS mode is easy to be reactivated, which show a high PP ratio
(like W or Cu).

Generally, as the melting point of the catalysts is relatively
low, Co-based and Fe-based catalysts are considered to be
liquid and incline to follow the VLS mechanism.”* The
exchange of the materials between catalysts and carbon species
is frequent by the VLS model. Besides, there are newly formed
phases during the growth process, for example, Co,C,” Fe,C,
and FeC,.*”*” The structure and properties of the catalysts are
easily changeable, which could easily lead to structural
poisoning. Therefore, the effect of the treatment of the surface
is limited in this kind of catalysts, which show a high SP ratio
(like Co, Fe).

4. CONCLUSIONS

In summary, by multiple-catalysts reactivation, we successfully
improved the density of the SWNT array by 65% using Cu
catalysts from one growth cycle to three. Furthermore, we built
a new model to describe the multiple catalysts reactivation and
calculated the probability of catalysts reactivation values of
three kinds of metal catalysts (W, Cu, and Co). Based on this,
we proposed two possible mechanisms of catalyst poisoning,
including physical poisoning (PP) and structural poisoning
(SP). And, we found the reactivation efficiency of different
metals might be highly related to the growth model, including
VLS and VS. The study of the mechanisms of catalyst
poisoning and the analysis of the reactivation efficiency may
contribute to an improved understanding of catalyst design for
high-density SWNT arrays.
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