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Abstract

We report a detailed comparative study on the growth of single-walled carbon nanotubes
(SWNTSs) from monometallic and its oxide (intentionally oxidized) catalysts. The difference
and findings are summarized in the following three aspects. 1) High-quality SWNTSs are also
grown from intentionally oxidized Co nanoparticles, but the yield of SWNTSs significantly
decreases, resulting in random network rather than vertically aligned SWNT arrays. 2) We
clarify from in-plane transmission electron microscopy that Co oxide nanoparticles grow
SWNTSs through an in-situ reduction process, which means Co oxide becomes metallic Co
after the introduction of ethanol; direct growth from an oxide phase is not observed. 3)
Compared to the SWNTSs grown by pre-reduced catalysts, SWNTs grown from intentionally
oxidized catalysts show narrower diameter distribution and smaller average diameter from
Raman spectra. Our strategy also shows similar results in the Ni catalysts. The findings are
helpful to improve the controllability of SWNT diameter and morphology, as well as the

reproducibility and robustness of CVD process.
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1. Introduction

Single-walled carbon nanotubes (SWNTS) are regarded as a promising candidate for
electronic applications because of the unique electronic properties including extraordinary
carrier mobility™ and widely tunable bandgaps.[? Many efforts and progress have been made
in the past decades towards the controlled production of SWNTSs, mainly using chemical
vapor deposition (CVD). However, as the pearl of the crown, direct growth of SWNTSs with
defined structures and properties has been the bottleneck for decades.®! This is strongly
associated with the insufficient understanding of the catalytic formation process of SWNTSs,
and thereby the product is still lack of control.

In CVD synthesis of SWNTSs, the crucial factors are carbon precursors, catalysts,
temperature, and pressure, among which catalysts are of critical importance.! It is well
known that nano-sized particles have their melting points depressed noticeably from that of
the bulk, which leads to liquid-like behaviors at an elevated temperature lower than their
actual melting points.[>®! Nanoparticle catalysts for SWNTSs usually have a size range that
under 5 nm. As a result, melting-point depression becomes a dominant factor for the catalyst
aggregation and Oswald ripening that are usually correlated with the growth termination.l’ In
contrast, there have been increasing examples evidencing that solid catalyst also produces
SWNTSs. In 2007 and 2009, Homma’s group demonstrated SWNTSs can form from
semiconductor particles,’® or even nano-diamonds.”®! In 2009, Cheng’s group found that SiO2
particles are also able to produce SWNTs efficiently.['% One extreme case is demonstrated in
2014 by Li’s group who reported that WsCoz alloy can grow highly specific (12,6)
SWNTs,™ and in 2015 they further reported that a different crystal facet of WeCor alloy can
lead to the ~80% purity of grown (16,0) SWNTs.[*?l Their strategy is the usage of high-

melting-point CoW bimetallic alloy to retain a stable solid structure that, accordingly, allows
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the nucleation of a chirality-specific SWNT from certain crystal facet. In our group, the
sputtered Co-W bimetallic catalysts have successfully grown (12, 6) SWNTSs with an
enrichment of 50%-70%.™%1 Moreover, in 2017, Zhang’s group demonstrated the chirality
controlled growth of horizontal SWNTSs from monodispersed Mo2C and WC solid catalysts
using symmetry matching strategy.[*4!

Besides catalysts, one other important ingredient for efficient growth of SWNTSs is the
oxygen atmosphere. In 2002, we invented alcohol catalytic CVD (ACCVD), in which
impurity-free SWNTSs are produced with high efficiency using alcohol as carbon source that
containing an oxygen atom.*! Later, a small amount of water or oxygen gas were reported to
be able to significantly promote the yield of SWNTSs,[*®! and can also be used to assist the
growth of semiconducting SWNTs.[*"2 Though it has now been well recognized that oxygen
plays an important role in the synthesis of SWNTSs, the detailed mechanism how oxygen
affects the catalysts or carbon deposition is still not yet fully clarified.

Considering the importance of catalyst structure and oxygen atmosphere, one interesting
question arises: how does the oxide form of transition metal nanoparticles (e.g., Co, Ni, Fe)
behave in SWNT growth? Apparently, metal nanoparticles, if kept in oxide form, have
relatively lower mobility, i.e., higher stability, than metallic form. Meanwhile, the
monometallic catalyst system is the simplest system to study the complicated catalyst
particles. For example, He et al. studied the growth of SWNTSs from partially reduced
monometallic Co catalysts.[* The un-reduced Co ions have the interaction with silica, which
performs anchoring effect to constrain the mobility of the reduced Co. Robertson’s group
studied the state of transition metal catalysts during SWNT growth using in-situ x-ray
photoelectron spectroscopy (XPS) and transmission electron microscopy (TEM).[2024 They
highlighted the importance of the catalyst-substrate interaction in the stabilization of catalysts.
In addition, though not often reported in the literature, some un-disclosed factors like chamber

impurities and room moisture are often related to nanotube growth. Therefore, a careful
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investigation on the catalytic behavior of oxide nanoparticles may also help to understand the
effects of un-intentional catalyst oxidation that possibly exists at some time, and hopefully,
the robustness of CVD process can be improved hereafter.

In this context, we perform a detailed comparative study on the growth of SWNTSs from
monometallic catalysts and their oxides. We intentionally oxidized the catalysts before growth
and ensured that other conditions besides the chemical states of catalysts are the same. We
firstly investigated Co monometallic catalysts as Co is one of the superior catalysts to grow
SWNTSs in ACCVD method. Compared to the SWNTSs grown by pre-reduced Co catalysts,
SWNTs grown from oxidized Co catalysts show narrower diameter distribution and smaller
average diameter. Through the investigations of TEM, we clarify the chemical states of Co
nanoparticles after growth, in which the oxidized Co becomes metallic after growth. From this
point, an in-situ reduction process is indicated to occur on oxide nanoparticles after the
introduction of ethanol, which led to the difference in growth results. Our strategy is then
further applied to the same iron-group transition metal, Ni, which shows similar results that
are corresponding to those of Co. Our findings help to clarify the role of metal oxide catalysts
in the growth of SWNTSs, which will be useful to control the CVD process and the produced

SWNTs.

2. Experimental
2.1. Sample Preparation

Nominal 0.3 nm thick Co and Ni catalysts were deposited onto SiO2 (100 nm) coated Si
flat substrate (SUMCOQO) by RF-sputtering (ULVAC-RIKO). Then the catalysts were annealed
in air at 400 °C for 5 min before putting into CVD chamber in order to break up the catalyst
islands into particles.

SWNTs were synthesized by ACCVD using 99.5% super dehydrated ethanol (Wako

Pure Chemical Industries) as the carbon source. A brief experimental flow is shown in Figure
4



WILEY-VCH

1a. In the conventional CVD, the catalysts were reduced at 800 °C by Ar/H2 (3% H2, Ar
Balance) of 300 sccm, 40 kPa. Then 450 sccm ethanol flow was introduced for 5 min at 1.3
kPa after the evacuation of Ar/Hz. In the oxidation CVD, after the reduction process by Ar/Hz,
the temperature was decreased to room temperature and the substrate was taken out from the
CVD chamber to be oxidized again at 400 °C for 5 min in air. Then the substrate was placed
into the CVVD chamber again and the temperature was increased with only Ar (purity
>99.9995%) of 300 sccm, 40 kPa. After the evacuation of Ar, ethanol was introduced in the
same way aforementioned. Dip-coated CoMo catalysts were employed as the reference

sample in all of the growth processes in order to control the reproducibility.??

2.2. Characterization

The catalysts and as-grown SWNTSs were characterized by scanning electron microscopy
(SEM, Hitachi-4800), micro-Raman spectroscopy (Renishaw inVia, 488, 532, and 633 nm
excitation wavelengths), and transmission electron microscopy (TEM, JEOL JEM-2000EX 11
and JEM-2010F operated at 200 kV).

The samples for TEM characterization were prepared by an in-plane technique.[**2%1 The
Si/SiO2 substrates were replaced by Si TEM grids (EMJapan) with SiO2 (20 nm) suspended
windows. The other processes were the same as aforementioned. The grids were directly
employed for TEM characterization and thus avoid the information changes or losses during

transfer.

3. Results and Discussion

Figure 1a shows the experimental flow of our comparative study. To ensure a fair
comparison of metal and metal oxide catalyst, all the particles were firstly reduced in CVD
chamber by Ar/Hz. Then in the oxidation CVD, the reduced catalysts were oxidized again and

heated up in Ar atmosphere before reacting with ethanol.
5



WILEY-VCH

As shown in the SEM images of Figure 1b, conventional CVD yielded vertically-aligned
SWNTs (VA-SWNTs) with a typical height of around 3 pm. On the other hand, oxidation
CVD vyielded a thin mat of randomly-aligned SWNTs (RA-SWNTS), suggesting the carbon
yield in this case is significantly lower. However, the length of the individual RA-SWNTSs
remained at several micrometers, which is similar with VA-SWNTs from conventional CVD.
This indicates that this lower yield is possibly due to the lower nucleation density while the
growth rate remained similar.

The representative Raman spectra of SWNTSs grown from reduced and oxidized catalyst
are shown in Figure 1c. According to the radial breathing mode (RBM)-diameter equation(?*!

wRBM:217.8/Dt+15.7 (1)

where Dt is the diameter of SWNT, we can roughly calculate that the Co catalysts from
conventional CVD yielded SWNTSs with diameters mainly ranging from 3.0 nm to 0.8 nm. On
the other hand, oxidized Co from oxidation CVD yielded SWNTSs with diameters mainly
ranging from 2.0 nm to 0.8 nm, and most of the SWNTs had diameters smaller than 1.4 nm.

Almost all of the larger-diameter (1.4-3.0 nm) SWNTSs were not synthesized from oxidation
CVD. In particular, the intensities of the peaks ranging 200-300 cm increased noticeably.

The intensity and full-width-half-maximum (FWHM) changes of the G~ band are also in
agreement with the changes in RBM peaks. G/D ratios of the two CVD processes are larger
than 10, indicating that as-grown SWNTs have a high quality. However, the SWNTSs grown
from oxidation CVD have lower G/D ratio than conventional CVD, which may be due to the
carbon absorption during the oxidation process. Or as a result of the defective SWNTSs or
amorphous carbon generated on the larger-sized nanoparticles, which will be discussed later.

In order to study the catalysts and SWNTSs at different time points, different growth times
of 3 sand 5 min (denoted as 3s and 5min hereafter) have been used as the time-dependent

growth. The TEM characterization of the growth results is shown in Figure 2. From the
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selected area electron diffraction (SAED) patterns, we can find out that all the catalysts have
become metallic Co after growth, even after the only 3s of ethanol introduction. This suggests
that the Co oxide in oxidation CVD has been reduced to metallic Co after the introduction of
ethanol within 3s, and the metallic Co has been saturated by carbon and thus remained a
metallic structure. From the comparison of SWNT aspect, conventional CVD grew more
SWNTs than oxidation CVD in both the 3s growth and 5min growth. Obviously, 5min growth
had much more well-grown SWNTSs, but in the 3s growth case, long SWNTSs have also been
confirmed clearly in both CVD processes. This indicates that 3 seconds are long enough for
the SWNT nucleation. In the conventional CVD, both the small-diameter and large-diameter
tubes are long and well crystallized. On the other hand, in the oxidation CVD, bundles of
small-diameter tubes dominate the amount of SWNTSs, and they are long and well crystallized.
However, there are also a small amount of large-diameter and defective SWNTSs exiting. No
multi-walled carbon nanotubes are observed. Histograms of the diameter distribution of
SWNTs are shown in Supporting Information Figure S2.

Detailed histograms of particle size distributions before and after 5min growth are shown
in Figure 3. In the conventional CVD, the average particle size before growth (after
reduction) is 4.1 nm. As the reduced metallic Co got oxidized to CoO in air at ambient
temperature (Supporting Information Figure S1a), the average size we measured for nominal
reduced Co is in fact the size of CoO, meaning that the real size of the growth-inducing Co is
smaller than this size. This corresponds to the average size of 3.6 nm for Co nanoparticles
after growth. On the other hand, regarding oxidation CVD, before growth (after reduction-
oxidation process), Co nanoparticles became CosO4 (Supporting Information Figure S1b) and
had an average size of 5.1 nm. After the growth process, the average size is 4.7 nm. The
average size of catalysts of oxidation CVD is about 1 nm larger than that of conventional
CVD. Moreover, the distribution is also wider. These coarsened nanoparticles might have

formed due to the aggregation or Ostwald ripening of Co catalysts in the reduction-oxidation
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process,? which also resulted in the deactivation of catalysts.["?¢1 A comparison of the
differences between conventional and oxidation CVD is shown in Table 1.

From the above results, it is indicated that an in-situ reduction process has occurred on
Co oxide catalysts upon the introduction of ethanol. Ethanol catalytically activated Co oxide
to grow SWNTSs, meaning that Co oxide was reduced to metallic Co by ethanol, as ethanol
can decompose to some reductive gases after the introduction to growth, e.g., C2H4, C2Hz,
CHa, CO, and Ha.[2":2]

Moreover, the in-situ reduction process resulted in the relative absence of large-diameter
SWNTs in the product of oxidation CVD, as shown in Figure 4. In our previous
understandings, the mechanism to yield VA-SWNTSs in conventional CVD is that Co catalysts
effectively grow SWNTSs to assemble into bundles. These bundles have to grow vertically
with mutual support because other directions are so crowded that nearly no space is allowed
for them to extend.?®3% The high nucleation density also allows large-sized catalysts to grow
well-crystallized and relatively larger-diameter SWNTSs. On the other hand, in oxidation CVD,
as the large-sized nanoparticles do not grow well-crystallized SWNTs (may grow defective
and short carbon nanotubes or amorphous carbon) as they have been deactivated, the
nucleation density is relatively lower and the resultant morphology is smaller-diameter
dominated RA-SWNTs. Moreover, this also accounts for the decreased G/D ratio of SWNTSs
from oxidation CVD. It is interesting to mention that sometimes we think CVD is not so
robust that VA-SWNTSs are not grown as usual.! This occasionally observed phenomenon is
similar to the oxidation CVD process, like in the conventional CVD process, when the
vacuum condition is not so good that the catalysts get re-oxidized by penetrated oxygen or
water, though some of the small-diameter catalysts can still grow well-crystallized SWNTs

after the in-situ reduction process.

4. Demonstration Experiment
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Based on our findings from Co, we further applied our strategy to the similar iron-group
transition metal, Ni. From the property of element periodic table, Ni oxide is more stable than
Co oxide because bulk NiO has a higher melting point (1955 °C) than CoO (1830 °C).[*?

Raman characterizations in Figure 5a show that the average diameter of SWNTSs grown
from Ni oxide in oxidation CVD is smaller than those from conventional CVD. SAED
patterns in Figure 5b show that the states of Ni after growth are all metallic Ni, which is
corresponding to our proposal of the in-situ reduction process. As Ni oxide is more stable than
Co oxide, the catalysts aggregated less and the particle size did not change obviously. We
need to mention that 800 °C may not be the optimum growth temperature for Ni so that the
yield and particle size are not very uniform, but the diameter-change result and the in-situ

reduction process are the same as what we have observed in Co case.

5. Conclusions

In this paper, we compared the catalytic behavior of metallic and oxidized nanoparticles
in CVD synthesis of SWNTSs. Intentionally oxidized Co nanoparticles are also found capable
of growing SWNTSs but the yield is significantly decreased. In-plane TEM studies reveal that
Co nanoparticles, though in the form of Co oxide before growth, are quickly reduced into
metallic form by ethanol through an in-situ reduction process. This growth process yields
SWNTs with narrower diameter distribution and smaller average diameter, as well as
relatively lower overall crystallinity. Our strategy is then further applied to the same iron-
group transition metal, Ni, which shows similar results that are corresponding to those of Co.
These results are insightful for controlling the diameter and morphology of the produced
SWNTs, as well as for improving the reproducibility and robustness of CVD process.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Characterizations of SWNTs grown from Co in conventional and oxidation CVD.
(a) Experimental flow of conventional and oxidation CVD processes. (b) SEM images of the
as-grown SWNTSs from two CVD processes. () Raman spectra of the as-grown SWNTSs from
two CVD processes. The excitation lasers are 488nm and 633nm. RBM is normalized by G
band.
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Figure 2. TEM characterizations of time-dependent growth using conventional and oxidation
CVD, with SAED patterns. (a) 3s growth of conventional CVD. (b) 3s growth of oxidation
CVD. (c) 5min growth of conventional CVD. (d) 5min growth of oxidation CVD.

14



WILEY-VCH

LA L B B L B R B L B 60 LA I DL L [ B R B B B
40| N - \
SN 40 SN
20 AN ' \
20 N =
1] ['1] | N
b SR N - §
§ o 'Fﬁ Tv;I T T § o 'I'IFF'§ L DL B
S | S S | RN
40 | 40 - N
I - i N
20 N . 20 | N
! = i N
0 T T w’l'l‘l'l' 0 -|'|RY LA B L B
0123456728910 0123456728910
Catalyst Diameter (nm) Catalyst Diameter (nm)

Figure 3. Histograms of particle size distribution measured from TEM images. (a) Co
catalysts in conventional CVD. Note that the reduced Co was oxidized to CoO after taken out
from CVD chamber for TEM observation. (b) Co catalysts in oxidation CVD.
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Figure 4. Schematics of SWNT growth mechanisms for conventional and oxidation CVD.

16



WILEY-VCH

(@) ' ' ) (b) Conventional CVD
488 nm —Conventional
— —Oxidation
S
8
> 633 nm
) AA A A
[
Q
c
~ 532 nm
100 200 300 13 1700 G Bt i
' ' T Oxidation CVD
: i
100 200 300

Raman Shift (cm-1)

Figure 5. Demonstration experiment using Ni catalysts in conventional and oxidation CVD.
(a) Raman spectra of the as-synthesized SWNTSs from Ni and Ni oxide nanoparticles,
measured by laser excitations of 488, 532, and 633 nm. RBM is normalized by G band. (b)
TEM characterizations of the after-growth catalysts from conventional and oxidation CVD,

with SAED patterns.
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Table 1. Comparison of conventional and oxidation CVD from SWNT and catalyst aspects.

Large-diameter Small- Catalyst Catalyst
CVD processes gSWNTs diameter  Crystallinity average size
SWNTs size distribution
Conventional Many Many Goaod 3.6 nm Good
Oxidation Few Many Fair 4.7 nm Fair
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Figure S1. TEM characterizations of Co nanoparticles without growth process, with SAED
patterns. (a) Co nanoparticles after the reduction process. Note that after being taken out from
CVD chamber for TEM observation, the reduced Co got unintentionally oxidized to CoO in
air at ambient temperature. (b) Co nanoparticles after the reduction-oxidation process.

Figure S2. Histograms of diameter distribution of SWNTs after 5min growth measured from
TEM images. (a) Conventional CVD. (b) Oxidation CVD. It is worth noting that as the yield

of SWNTs in both the conventional and oxidation CVD is still high and many of the SWNTs
are bundled and overlapped, the measurement of SWNT diameter from TEM images may not
be so precise.
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Figure S1. TEM characterizations of Co nanoparticles without growth process, with SAED
patterns. (a) Co nanoparticles after the reduction process. Note that after being taken out from
CVD chamber for TEM observation, the reduced Co got unintentionally oxidized to CoO in
air at ambient temperature. (b) Co nanoparticles after the reduction-oxidation process.
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Figure S2. Histograms of diameter distribution of SWNTSs after 5min growth measured from
TEM images. (a) Conventional CVD. (b) Oxidation CVD. It is worth noting that as the yield

of SWNTSs in both the conventional and oxidation CVD is still high and many of the SWNTSs
are bundled and overlapped, the measurement of SWNT diameter from TEM images may not

be so precise.
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