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Abstract 

 

In this study, we systematically investigated the influence of catalyst preparation 

procedures on the mean diameter of single-walled carbon nanotubes (SWNTs) 

synthesized by the alcohol catalytic chemical vapor deposition (ACCVD) process. It 

was found that the SWNT diameter is dependent upon both reduction temperature and 

time, with lower reduction temperature and/or shorter reduction time resulting in 

smaller diameter SWNTs. The morphology of the SWNTs also changed from vertically 

aligned to randomly oriented when the reduction temperature was below 500˚C. We also 

found that introducing a small amount of water during the catalyst reduction stage 

significantly decreased the mean diameter of the SWNTs. Lastly, we report on the use of 

a new binary catalyst system in which rhodium was combined with cobalt. This new 

Co/Rh combination produced SWNTs of smaller diameter than the conventional Co/Mo 

catalyst. 

 

Keywords: Single-walled carbon nanotube, Alcohol, Chemical vapor deposition, 

Catalyst pretreatment, Rhodium co-catalyst 
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1. INTRODUCTION 

 

Single-walled carbon nanotubes (SWNTs) have been the focus of considerable 

research because of their outstanding physical properties. Many of these properties, 

however, are heterogeneous in bulk samples because they are dependent on the diameter 

or structure of each SWNT. Thus, synthesis of SWNTs with nearly uniform diameters is 

required for some applications such as electrical circuits
1-3

, optical devices
4,5

, and solar 

cells
6-8

. Many groups are already working on producing small-diameter SWNTs, and 

many methods have been reported to control or reduce the SWNT diameter. Some of 

these methods include using various supporting materials
9-11

, changing the catalyst 

composition
12

, and changing pre-CVD treatment conditions
13

.  

During the CVD process, catalyst reduction is one step that influences the 

catalyst nanoparticle size. In this study, we investigated the influence of the catalyst 

reduction temperature and time on the average diameter of synthesized SWNTs 

synthesized by the alcohol catalytic CVD (ACCVD) process
14,15

. Additionally, 

following the report by Hata et al.
16

 water-assisted CVD has been widely used to obtain 

high-yield growth of vertically aligned carbon nanotubes, but its role in catalyst 

reduction has remained largely unstudied. Here we also investigated the influence of 

water on catalyst reduction, and found the average SWNT diameter was significantly 

reduced by water-assisted reduction.  

Lastly, many metals have been used as active catalysts for SWNT growth under 

various conditions
17,18

, yet much of this vast parameter space remains unexplored. Here 

we explore the use of rhodium (Rh) as a catalyst for SWNT synthesis, and present 

Co/Rh as a new type of binary catalyst system for synthesis of small-diameter SWNTs.  
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2. EXPERIMENTAL SECTION 

 

 SWNTs were synthesized on silicon substrates (50 nm oxide layer) and 

quartz substrates by the ACCVD method. The influence of synthesis parameters on 

the average SWNT diameter was thoroughly evaluated using resonance Raman 

spectroscopy, optical absorbance spectroscopy, scanning electron microscopy (SEM), 

transmission electron microscope (TEM), photoluminescence excitation spectroscopy 

(PLE), and thermogravimetric analysis (TGA). 

Cobalt and molybdenum binary catalysts were deposited by dip-coating
19

 into a 

precursor solution containing 0.01 %wt of each metal species. The reduction process 

was modified to reduce the Co/Mo binary system at different temperatures—ranging 

from 300 to 800˚C—by flowing Ar containing 3% H2 (Ar/H2) at a flow rate of 300 sccm 

and a pressure of 60 kPa. The different heating and reduction stages are shown in Figure 

1(a). Following this reduction, SWNTs were synthesized by flowing 450 sccm of 

ethanol at a pressure of 1.3 kPa for 5 min at a growth temperature of 800°C. The results 

from this reduction process were compared to the case of continuous reduction (our 

standard method), in which Ar/H2 is present at a pressure of 40 kPa and a flow rate of 

350 sccm throughout the heating process. Furthermore, the time-dependence of 

constant-temperature reduction was also investigated (Fig. 1b), where SWNTs were 

synthesized after reduction at 700˚C for 5, 30 and 100 min. 

The influence of water on catalyst reduction was investigated by introducing a 

small amount (100 µL) of distilled water into the CVD system in addition to the Ar/H2 

typically used for reduction. The water was measured by micropipette and placed into 

the cap of a valve located upstream of the furnace. After evacuating the CVD chamber 
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to a base pressure below 15 Pa, the downstream valves were sealed and the water was 

introduced into the chamber. The vapor pressure of the water reached approximately 2.5 

kPa. Following the introduction of water, Ar/H2 was also introduced into the CVD 

chamber until the total pressure reached approximately 40 kPa. These gases remained in 

the CVD chamber for approximately 30 minutes while heating to the growth 

temperature of 800˚C. Upon reaching 800˚C, both water and Ar/H2 were evacuated from 

the CVD chamber before introducing ethanol. 

Lastly, a new noble transition metal was used in the binary catalyst. 

Rhodium(II) acetate, C8H16O10Rh2 (Wako, dimer dehydrate grade) dissolved in ethanol 

with a Rh concentration of 0.01 %wt, was used in place of molybdenum in the 

dip-coating process. After dip-coating both Rh and Co, the catalyst was reduced as per 

standard procedure under a continuous Ar/H2 supply during heating to 800˚C. After 

reaching 800˚C, SWNTs were synthesized by introducing ethanol for 10 min at 1.3 kPa 

and a flow rate of 450 sccm. Resonance Raman spectra and SEM micrographs of the 

resulting SWNTs were compared with those obtained from SWNTs synthesized using 

our standard Co/Mo system.  

USY-zeolite powder was also employed to support Co/Fe, Co/Mo and Co/Rh 

binary catalysts. In this case, the catalyst was prepared using the impregnation method 

according to previously reported procedures
20,21

. The concentrations of each metal were 

2.5 %wt, and SWNTs grown from these catalytic powders were compared with HiPco 

SWNTs
22

 based on characterization by resonance Raman spectroscopy, UV-vis-NIR 

absorbance spectroscopy, and photoluminescence excitation (PLE) spectroscopy. To 

obtain absorption and PLE spectra, as-grown SWNTs were dispersed in 2 mL of D2O 

containing 0.1 g of sodium deoxycholate (DOC) by bath sonication for 1 h and an 
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additional 20 min of ultrasonication (Hielscher Ultrasonics GmbH UP400S with 

H3/Micro Tip 3 at a power flux level of 400 W cm
-2

). This suspension was then 

centrifuged for 30 min at 8500 rpm (6623 g) and the supernatant was extracted for 

measurement. 

 

3. RESULTS AND DISCUSSION 

 

3.1. Effect of temperature and time for catalyst reduction on SWNT structures  

 

 Continuous Ar/H2 reduction while heating the CVD chamber to the growth 

temperature has been our standard method for the synthesis of vertically aligned 

SWNTs. However, we expect the process might be improved by performing the catalyst 

reduction step at a fixed temperature, thus eliminating any dependence on the heating 

rate. Figure 2(a) compares the radial breathing mode (RBM) regions of resonance 

Raman spectra of SWNTs synthesized after reduction by Ar/H2 at a constant heating 

rate and after reduction at different fixed temperatures. For excitation with 488 nm light, 

the spectra are characteristic
23

 of vertically aligned SWNTs, particularly the dominant 

peak at 180 cm
-1

. SEM observation [Figure 2(b)] revealed that SWNTs synthesized after 

reduction at temperatures lower than 500˚C were randomly aligned. This indicates that 

low-temperature reduction is too mild to reach the minimum areal density of active 

catalyst particles necessary to achieve vertical alignment. The RBM specrta in Figure 

2(a), however, indicate a decrease in the SWNT diameters for lower reduction 

temperatures. We believe this is due to reduced diffusion and agglomeration of catalysts 

particles at lower reduction temperatures. Evidence for smaller diameters was also 
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evident from UV-vis-NIR absorbance spectra, shown in Figure 3. These absorbance 

spectra show the region of the first optical band gap (E11), which can be used to estimate 

the mean SWNT diameter
24

. A slight blue-shift of the E11 of SWNTs synthesized after 

reduction at lower temperature indicates a smaller average SWNT diameter. 

We also investigated the influence of reduction time on the diameter and 

morphology of SWNTs. Resonance Raman spectra of SWNTs grown after different 

catalyst reduction times at a fixed temperature showed little difference. However, 

UV-vis-NIR spectra indicate the average diameter of the SWNTs increased slightly after 

extended reduction at a given temperature (not shown). The final SWNT film thickness 

was also found to be reduced after extended reduction time. 

 

3.2. Water-assisted pretreatment of catalysts 

 

 CVD has become the most widely used method for SWNT synthesis, and the 

presence of water during CVD has been shown to considerably affect the synthesis
16

 of 

SWNTs. However, water is typically introduced together with the carbon source in 

order to extend the catalyst lifetime
16,25

. This has also been shown to inhibit Ostwald 

ripening of the catalyst particles during CVD
26

. By employing ethanol as a carbon 

feedstock, introduction of additional water is unnecessary since it is produced from 

thermal decomposition of ethanol at the growth temperature
12,27

. However, Bezemer et 

al. have reported
28 

that the size and diameter distribution of Co catalyst particles can be 

reduced by exposure to a combination of H2O, H2, and Ar. Based on this report, we 

investigated the effect of H2O on catalyst preparation, i.e., reduction of catalyst prior to 

introduction of the carbon feedstock. 
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Figure 4(a) shows SEM images of SWNTs grown on quartz substrates with and 

without water-assisted reduction. The images clearly show the morphology changes 

from vertical to random orientation after water-assisted reduction, and the SWNT yield 

is considerably lower. However, resonance Raman spectra and optical absorbance 

spectra indicate a significant decrease in SWNT diameter. In Figure 4(b), the intensity 

of the small-diameter peaks around 200 and 250 cm
-1

 (for 488 nm excitation) are clearly 

stronger than for SWNTs grown by our standard procedure. Additionally, the strong 

Breit-Wigner-Fano (BWF) feature in the G-band region also indicates an increase in the 

population of small-diameter metallic SWNTs for the water-assisted reduction case. 

Similar trends can also be clearly seen from the Raman spectra obtained using other 

excitation wavelengths (514 and 633 nm). Furthermore, optical absorbance spectra 

(Figure 5) clearly show a significant difference in the mean SWNT diameter. The 

position of the E11 peak was shifted from a position near 2400 nm (approx. 0.5 eV) up 

to ~1200 nm (approx. 1.0 eV). This corresponds to a change in average diameter from 

1.9 nm to 1.0 nm. In the latter case, the E22 feature is visible near 750 nm, indicating our 

assignment of the E11 peak at 1200 nm is correct. 

A previous study
29

 on our Co/Mo dip-coated catalyst revealed the state of the 

catalyst prior to reduction to be Co and Mo oxides. The influence of water on this 

system may be explained by the findings of Bezemer et al.
28

, i.e., that the combined 

presence of Ar, H2, and H2O strongly suppresses Co particle growth at high temperature. 

We suspect the production of OH radicals during the heating process
30

, in which surface 

hydroxyls are produced from the reaction between water and metal oxide (*O*), i.e., 

H2O + *O* ↔ 2OH*. This state, shown in Figure 6, could be responsible for inhibiting 

both catalyst aggregation and reduction. Additionally, Alcanter et al.
31

 reported that 
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various metals and metal oxides–including silicon and silicon dioxide–can achieve high 

surface concentrations of hydroxyl groups after exposure to H2O/O2 in high energy 

environments such as steam (1050 °C) and water plasma. This supports the findings of 

Bezemer et al.
28

 and indicates surface hydroxyls would be stable at catalyst reduction 

and SWNT synthesis temperatures. 

 

3.3. New binary catalyst combination 

 

Rhodium, which is a noble metal and in the same group as Co, has been used to 

catalyze SWNT growth by pulsed laser vaporization
32

. However, it has not been well 

incorporated into a binary catalyst system even though it has been shown to stabilize 

metal acetates
33

. The advantage of using binary catalyst systems has been known for 

some time, and in a previous study we have shown that in the Co/Mo binary system, Mo 

helps prevent agglomeration of Co at high temperatures before and during CVD
34

. 

Similarly, the addition of Rh to Co/SiO2 has also been reported to increase reducibility 

of catalysts with a small crystalline size
35

. Based on this knowledge, we incorporated 

Rh into a binary catalyst system in order to stabilize Co and reduce the diameter of 

resulting SWNTs.  

Figure 7 shows resonance Raman spectra of SWNTs grown from Co/Rh and 

Co/Mo binary catalysts obtained using different excitation wavelengths (488, 514 and 

633 nm). The shift in spectral weight toward higher energy indicates the SWNT 

diameters are smaller in the Co/Rh binary system. This can be explained by the 

aforementioned strong interaction between Rh and Co, which should keep the 

nanoparticle diameter small and has been shown to result in increased magnetization
36 
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for Co/Rh. The yield of SWNTs, however, was much lower than from Co/Mo because 

the growth-stage energetics are more favorable
37 

for Mo than for Rh. We also speculate 

that the formation of a CoRh alloy may be at least partially responsible for the low 

yield. 

In an attempt to improve both the yield and diameter selectivity of the Co/Rh 

catalysts, USY-zeolite was used as a supporting material. On zeolite, Co/Fe binary 

catalysts produced the highest yield, even though the SWNT diameter is similar to the 

case of Co/Rh, whereas Co/Mo on zeolite produced the lowest yield. Resonance Raman 

spectra [Figures 8(a) – 8(c)] of as-grown SWNTs synthesized from different catalytic 

powders indicate that SWNTs grown from Co/Mo binary catalysts have larger diameters, 

whereas Co/Rh and Co/Fe catalyst systems produce small-diameter SWNTs. In addition, 

the similarity in diameters between SWNTs synthesized from Co/Fe and Co/Rh was 

also confirmed by UV-vis-NIR absorbance spectra, shown in Figure 8(d). These results 

are consistent with resonance Raman spectra, but absorbance peaks of SWNTs grown 

from Co/Mo catalyst were somewhat downshifted in energy.  

Figure 9 shows photoluminescence excitation (PLE) maps of dispersed SWNTs 

grown from various catalyst powders, and of HiPco SWNTs for comparison. 

Absorbance spectra shown in Figure 8 were obtained using the same samples. The 

fluorescence emission wavelength range was recorded from 900 to 1400 nm, while the 

excitation wavelength was scanned from 500 to 850 nm in 5 nm steps. Each peak in the 

PLE map
38

 corresponds to emission from the first optical band gap (E11) of 

semiconducting SWNTs that had been excited at the second optical band gap (E22). 

These PLE maps show that Co/Fe and Co/Rh binary catalysts produce SWNTs with 

similar diameters, both of which are smaller than HiPco SWNTs. The tendency for 
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Co/Mo catalyst to produce SWNTs with a larger average diameter is in agreement with 

optical absorbance and resonance Raman spectra, however PLE spectra indicate that 

SWNTs synthesized from Co/Mo catalyst on zeolite have a narrower diameter 

distribution than others, including HiPco SWNTs. In addition, the presence of SWNTs 

in all of these samples was confirmed by TEM observation (not shown), and the average 

diameters were determined to be approximately 1 nm in the case of Co/Rh and Co/Fe, 

and 1.4 nm in the case of Co/Mo. 

By considering the possible mechanism of these three catalyst treatment 

procedures, it is possible that either catalyst reduction and/or the use of Rh as a Co 

supporting material reduces the number of active Co catalyst particles. This would 

reduce the areal density of active catalyst, causing less aggregation and resulting in the 

synthesis of SWNTs with smaller diameters but in lower yield. These results are also in 

agreement with our previous study
12

, where we showed that reducing the concentration 

of Co produces SWNTs with smaller diameters and lower yield. Despite the similar 

trend, however, the average diameter of SWNTs synthesized after water-assisted 

reduction reported here is considerably smaller than obtained in our prior study. 

 

4. CONCLUSION 

 

 We investigated the influence of various catalyst preparation parameters on the 

average diameter of SWNTs synthesized by the ACCVD method. We found the average 

diameter to be dependent on the catalyst reduction temperature and time, with smaller 

diameter SWNTs obtained by reduction at low temperature and/or for a short time. 

However, low-temperature reduction resulted in low yield and random orientation 
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instead of vertical alignment. Introducing water into the Ar/H2 atmosphere during the 

reduction stage significantly reduced the average SWNT diameter. We also report the 

synthesis of small-diameter SWNTs using a new Co/Rh binary catalyst. SWNTs 

synthesized from Co/Rh had diameters similar to those synthesized from Co/Fe (mean 

diameter approximately 1 nm), and smaller than HiPco SWNTs. 
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Figure Captions 

 

Figure 1.  (a) Temperature profiles of different catalyst reduction processes; black, 

solid red, and dashed red lines represent heating, Ar/H2 reduction at a constant 

temperature, and continuous Ar/H2 reduction, respectively; (b) catalyst reduction at 

700 °C for different times (5, 30, and 100 min). 

 

Figure 2.  (a) Resonance Raman spectra of as-grown SWNTs for each reduction 

condition compared with the case of continuous reduction; (b) SEM images of SWNTs 

grown after different constant-temperature reduction conditions. 

 

Figure 3.  Absorbance spectra of as-grown SWNTs synthesized after reduction at 

different temperatures. 

 

Figure 4.  (a) SEM images showing the change in morphology and (b) resonance 

Raman spectra indicating the smaller diameters of SWNTs grown from Co/Mo catalysts 

treated with H2O. 

 

Figure 5.  Normalized optical absorption spectra of as-grown SWNTs synthesized 

from Co/Mo catalysts treated with and without H2O clearly show a blueshift in the E11 

peak position, indicating a significant decrease in mean SWNT diameter. 

 

Figure 6.  Model of the surface hydroxyl formed from the reaction between water and 

substrate-supported binary catalyst. 

 

Figure 7.  Resonance Raman spectra of SWNTs grown from the Co/Rh binary system 

(thick solid line) compared with those grown from the Co/Mo binary system (thin solid 

line). Excitation laser wavelengths (in nm) are indicated next to the spectra, and the 

colors correspond approximately to the color of the excitation laser. 

 

Figure 8.  (a) – (c) Resonance Raman spectra and (d) optical absorbance spectra of 

SWNTs grown from different catalytic powders. Resonance Raman excitation 
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wavelengths are indicated. 

 

Figure 9.  Comparison of photoluminescence excitation (PLE) maps for SWNTs 

grown from three different binary catalyst systems and HiPco SWNTs. 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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Graphic Abstract 

 

Diameter Controlled CVD Synthesis of Single-Walled Carbon Nanotubes 

Theerapol THURAKITSEREE, Erik EINARSSON, Rong XIANG, Pei ZHAO, Shinya 

AIKAWA, Shohei CHIASHI, Junichiro SHIOMI, and Shigeo MARUYAMAs 

 

We systematically investigated the influence of 

catalyst preparation conditions on the mean 

diameter of SWNTs synthesized by the alcohol 

catalytic chemical vapor deposition (ACCVD) 

process. We successfully reduced the average 

diameter of the SWNTs by modifying the 

catalyst preparation, most drastically by 

water-assisted reduction prior to ACCVD. We 

also report the use of Co/Rh as a new binary 

catalyst system for SWNT synthesis. 

 


