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We synthesize vertically aligned single-walled carbon nanotubes (VA-SWNTs) with subnanometer diameters on quartz 

(and SiO2/Si) substrates by alcohol CVD using Cu-anchored Co catalysts. The uniform VA-SWNTs with nanotube diameter of  

1 nm are synthesized at CVD temperature of 800 ºC and have the thickness of several tens of µm.  The diameter of SWNTs 

was reduced to 0.75 nm at 650 ºC with  G/D ratio maintained above 24. Scanning transmission electron microscopic 

energy-dispersive X-ray spectroscopy (EDS-STEM) and high angle annular dark field (HAADF-STEM) imaging of the Co/Cu 

bimetallic catalyst system showed that Co catalysts were captured and anchored by adjacent Cu nanoparticles, and thus 

were prevented from coalescing into larger size, which contributed to the small diameter of SWNTs. The correlation 

between catalyst size and SWNT diameter was experimentally clarified. The subnanometer-diameter and high-quality 

SWNTs are expected to pave the way to replace silicon for next-generation optoelectronic and photovoltaics devices.

Introduction 

Single-walled carbon nanotubes (SWNTs) are one-dimensional 

quantum wires constructed by rolling up graphene into 

seamless cylinders. Therefore, SWNTs not only possess 

inherent superior properties of graphene, such as high carrier 

mobility,1 excellent thermal and mechanical properties,2 but 

also open up band gaps of graphene. The growth of vertically 

aligned single-walled carbon nanotube (VA-SWNT) forests has 

been reported as an important breakthrough in the field of 

SWNT growth.3 The VA-SWNT forest is an important SWNT 

assembly that offers a way to directly obtain pure SWNTs with 

controlled morphology. However, SWNTs in the forest always 

present average diameter of larger than 2 nm, which benefits 

the self-assembly of SWNTs into forests. However, SWNTs 

with such large diameters have very narrow bandgap, which is 

unfavourable for many applications such as photovoltaic 

devices.4-6 It is always desirable yet very challenging to grow 

SWNT forest with small diameters. Many researches have 

focused on the diameter-controlled growth of VA-SWNTs,7 e.g., 

lowering CVD temperature,8 modifying catalysts 

composition,9,10 catalysts pretreatment,11 alloying catalysts with 

tungsten,12,13 using different precursors,14-16 it is still very 

difficult to directly synthesize SWNT films which possess both 

subnanometer diameter and high quality. The most critical issue 

lies in the lack of effective control of catalysts in chemical 

vapour deposition (CVD) processes. Molecular dynamics 

calculations have hypothesized that SWNT diameter was 

determined by catalyst size.17-19 However, this theoretical 

relationship has not yet been utilized for diameter-controlled 

growth of SWNTs and need further experimental proof, as the 

change of catalyst size is always accompanied with variations 

in catalyst composition and CVD temperature. 

Aiming at growing subnanometer-diameter SWNTs on flat 

substrates, we propose a new paradigm to control the catalyst 

size by employing the adherence force between Co and Cu. The 

idea of Co/Cu bimetallic catalyst system originates from 

semiconductor industries where the strong adherence between 

Co and Cu is widely used to reduce the scale of interconnect for 

ultra-large-scale integrated circuit (ULSI).20,21 In this research, 

the randomly percolated (RP) SWNT films with optical band 

gap of 1.25 eV and G/D ratio of 24 were directly synthesized 

on quartz and Si/SiO2 substrates using the Co/Cu bimetallic 

catalysts through alcohol catalytic CVD (ACCVD) process. 

Moreover, we obtained the vertically-aligned (VA) SWNT 

arrays with an average diameter of 0.9 nm and G/D ratio of 35. 

Through high resolution transmission electron microscopy 

(HRTEM), scanning transmission electron microscopic high-

angle annular dark field imaging (HAADF-STEM) and energy 

dispersive X-ray spectroscopy (EDS-STEM), we found that the 

Co catalyst size was modulated by the anchoring effect of Cu 

without the formation of alloys or intermetallic compounds. 
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This finding has experimentally validated the positive 

correlation between catalyst size and SWNT diameter, and 

provides a new paradigm which utilizes adherence between 

elements to effectively control catalysts in SWNT synthesis. 

Results and Discussions 

Synthesis and characterization of high-quality SWNTs with 

subnanometer diameter 
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As shown in the Raman and optical absorption spectra in 

Supporting Information S1, the SWNTs synthesized using Co 

catalyst and Co/Mo bimetallic catalyst systems have similar 

diameters and defect level. CoMo800 is our conventional and 

mature growth condition3 (Co/Mo catalysts with weight ratio of 

1:1, under CVD temperature of 800 ºC). Through experiments, 

we found out that generally, Co/Mo catalyst system is much 

more reproducible than Co for the synthesis of VA-SWNTs. 

Thus, to improve the comparability, the Co/Mo bimetallic 

catalyst system, instead of Co monometallic catalyst system, 

was chosen as the control group. Figure 1 shows the resonant 

Raman spectra of SWNTs synthesized by Co/Cu and Co/Mo 

bimetallic systems under the laser excitation of 488 nm (2.54 

eV), 532 nm (2.33 eV) and 633 nm (1.96 eV). CoMo800 had 

very high quality with G/D ratio of 35. Its main radial breathing 

mode (RBM) peaks were distributed in the range of 100 ~ 200 

cm-1. The scale of diameter in Fig. 1 is given in accordance to 

the RBM (ωRBM) – SWNT diameter (dt) relationship ωRBM = 

217.8/dt + 15.7.23 However, the average diameter of CoMo800 

was actually 1.8 nm, owing to the very strong resonant peak 

such as 180 cm-1 from isolated SWNTs for 488 nm.24 When the 

CVD temperature decreased to 650 ºC, the quality of the as-

synthesized SWNTs (CoMo650) was significantly degraded, 

with G/D ratio of only 8. The RBM peaks of CoMo650 were 

distributed widely in the range of 100 ~ 300 cm-1. This is in 

agreement with previous reports that reducing CVD 

temperature could decrease the diameter of SWNTs at the price 

 
Fig. 1 Raman spectra of as-synthesized CoCu650, CoMo650 and 

CoMo800, measured by laser excitation of 488 nm, 532 nm and 

633 nm.  

 
Fig. 2 UV-vis-NIR absorption spectra of CoCu650 and dispersed 

CoMoCAT film. The RBM peaks of (6,5), (7,5) and (7,6) are 

indicated. The asterisk marks the step caused by the lamp 

change. 
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of lower quality.25,26 Surprisingly, by using Co/Cu bimetallic 

catalyst system (weight ratio = 1:1) under the same CVD 

temperature of 650 ºC, the as-synthesized SWNTs (CoCu650) 

possessed both subnanometer diameter and high quality. The 

RBM peaks of CoCu650 were narrowly distributed in the range 

of 250 – 300 cm-1, and its average diameter was estimated as 

0.75 nm. The G band also exhibited the small-diameter 

characteristics of both the semiconducting and metallic 

nanotubes in CoCu650. The remarkable separation of G+ and G- 

modes as well as the <1540 cm-1 G- mode27 confirmed the 

subnanometer diameter of the semiconducting nanotubes in 

CoCu650; while the Breit–Wigner–Fano (BWF) lineshape 

demonstrated the subnanometer diameter of the metallic 

nanotubes in CoCu650. In addition to the diameter control, 

quality control is another critical issue for direct growth of 

small-diameter SWNTs. So far, most of the subnanometer-

diameter SWNTs have been suffering from low quality with 

G/D ratio lower than 10, which is mainly attributed to the lower 

catalytic activity at low CVD temperatures.28 In this study, the 

average G/D ratio of CoCu650 was as high as 24, indicating its 

high crystallinity and low defect level. 

 

Fig. 4 SEM images of (a) CoCu650, (b) CoCu700, (c) CoCu750, 

(d) CoCu800 and (e) CoMo800. The left side is cross-sectional 

view. The right side in (a-c) is bird view with 30˚ tilt. The right 

side in (d) and (e) is magnified SEM image of the corresponding 

cross-sectional view on the left side. 
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As only the SWNTs in resonance with the laser excitation 

energy could be detected by Raman spectroscopy, the as-

synthesized CoCu650 samples were further characterized by 

UV-vis-NIR absorption spectroscopy. The optical band gap of 

SWNTs is the sum of the electronic band gap and exciton 

binding energy, and can be used to precisely estimate the 

diameter and chirality of SWNTs.29 In addition, the 

commercially available CoMoCAT SWNTs were used as 

reference. The as-purchased powders of (6,5)-enriched 

CoMoCAT were dispersed in DOC (0.5 wt/v%) aqueous 

solution. Vacuum infiltration was then used to obtain the 

reference film which was later transferred onto fused quartz for 

measurement. The absorption peaks of the as-synthesized 

CoCu650 film are comparable to those of the dispersed 

CoMoCAT film which are usually strong and sharp because of 

the isolation of individual SWNTs by surfactants through the 

preparation processes. Those strong and sharp peaks of 

CoCu650 indicated the narrow distribution of SWNT diameter 

and the high crystallinity (low defect level). The dominant first 

optical transition (S11) optical transition peak of CoCu650 was 

located at 976 nm (optical band gap = 1.25 eV). The 

relationship between SWNT diameter (dt) and S11 is given as: 

S11(dt) = cos3θ/dt
2 + a/dt [1+blog(cdt)], where β = 0.05, a = 

1.049 eV·nm, b = 0.456, c = 0.812 nm-1, and θ is the chiral 

angle of SWNTs.21 Accordingly, the average diameter of 

CoCu650 was estimated as 0.75 nm, which is the smallest 

diameter achieved so far for growth of SWNT films on flat 

substrates.8,9 By combining the positions of S11 and S22, we can 

assign the dominant species of CoCu650 to (6,5). The 

absorption spectrum of CoCu650 was corroborated by the TEM 

micrograph shown in Fig. 3. The typical bundle contained 10 – 

20 SWNTs which were very homogeneous in diameter (ca. 

0.75 nm). The homogeneity and large optical band gap of 

CoCu650 would provide advantages for the applications of 

SWNT-based photovoltaic and photonic devices. The 

homogeneity can efficiently suppress charge transfer among 

adjacent SWNTs and facilitate exciton generation,30 while the 

1.25 eV optical band gap of CoCu650 is inside the 1.2 – 1.4 eV 

Shockley-Queisser optimum for single-junction photovoltaic 

devices.31 

We evaluated the effect of CVD temperature on SWNT 

synthesis in terms of morphology, diameter and quality. The 

 

Fig. 3 Typical TEM image of SWNT bundles of CoCu650. 

 

Fig. 5 (a) Absorption spectra of as-synthesized CoCu650, CoCu700, CoCu750, CoCu800 and CoMo800. (b) The RBM region of the Raman 

spectra of CoCu650, CoCu700, CoCu750, CoCu800 and CoMo800, measured by laser excitation of 488 nm, 532 nm and 633 nm. 
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morphology control of SWNTs is very important for practical 

applications of SWNTs. The CVD growth time and the ratio of 

Co and Cu in the bimetallic catalyst system were kept as 2 min 

and 1:1, respectively. The CVD temperatures were set as 650, 

700, 750 and 800 ºC, and the obtained samples were named as 

CoCu650, CoCu700, CoCu750 and CoCu800, respectively. As 

shown by the SEM images in Fig. 4a and 4b, both the as-

synthesized CoCu650 and CoCu700 were randomly percolated 

films. The SWNT yield of CoCu700 was much higher than that 

of CoCu650. The transparencies (transmission at 550 nm) of 

CoCu650 and CoCu700 were measured as 93.5% and 76.9%, 

respectively. When the CVD temperature increased to 750 ˚C, 

the randomly percolated network of SWNTs were self-

organized into vertically aligned arrays. The thickness of 

CoCu750 vertically aligned SWNTs (VASWNTs) was 

approximately 2 µm, as shown in Fig. 4c. When the CVD 

temperature further increased to 800 ºC, the thickness of 

CoCu800 VASWNTs became comparable to that of CoMo800 

VASWNTs, which was around 20 µm, as shown in Fig. 4d and 

4e. Moreover, it can be observed that the CoCu800 VASWNTs 

were more hairy with higher SWNT density than CoMo800 

VASWNTs. 

Figure 5a shows the UV-vis-NIR absorption spectra of 

CoCu650, CoCu700, CoCu750, CoCu800 and CoMo800. The 

average SWNT diameter of CoCu700 was slightly increased to 

0.8 nm (optical band gap of 1.2 eV) with wider distribution 

compared with CoCu650, and the strong and sharp absorption 

peak of (6,5) in CoCu650 also reduced. But the quality of 

CoCu700 was slightly improved with G/D ratio of 27 

(Supporting Information S2). The average diameter of 

CoCu750 VASWNTs was estimated as 0.9 nm with very high 

G/D ratio of 30 (Supporting Information S2). Such small-

diameter and high-quality VASWNTs (CoCu750) synthesized 

in this research have never been realized before. When the 

CVD temperature further increased to 800 ºC, a striking 

difference in the absorption spectrum between CoCu800 

VASWNTs and CoMo800 VASWNTs can be clearly observed. 

The S11 peak position of CoCu800 VASWNTs was located at 

1250 nm, demonstrating that the average SWNT diameter was 

only slightly increased to 1.0 nm. While for CoMo800 

VASWNTs, the S11 peak position was remarkably increased to 

2300 nm, indicating the average SWNT diameter of 2.0 nm. At 

a higher CVD temperature, the mobility of catalyst particles are 

much larger, and thus are easily grown into large nanoparticles 

through Oswald ripening or coalescence. Therefore, the average 

diameter of SWNTs is usually increased considerably with the 

increased CVD temperature.32 Nevertheless, in the Co/Cu 

bimetallic system, the average diameter of SWNTs remained to 

be less than 1 nm when the CVD temperature increased from 

650 to 800 ºC. The insensitivity of SWNT diameter to CVD 

temperature reveals that the Co/Cu bimetallic catalyst system 

may efficiently constrain the catalysts from Oswald ripening or 

coalescing. 

Additionally, the effect of CVD temperature on SWNT 

diameter was investigated by Raman spectroscopy under the 

laser excitation of 488, 532 and 633 nm. The RBM region in 

the Raman spectra of the SWNTs grown under different CVD 

temperatures was shown in Fig. 5b. In general, the existence of 

the large-diameter SWNTs became noticeable at higher CVD 

temperatures, as indicated by the increased RBM intensities 

near 200 cm-1. However, different from the Co/Mo bimetallic 

catalyst system, no Raman shift under 160 cm-1 was observed 

for the Co/Cu bimetallic catalyst system. The Raman 

characterization confirmed that the Co/Cu bimetallic catalyst 

system was superior in suppressing the growth of the large-

diameter SWNTs at high CVD temperatures (e.g., 750 and 800 

ºC). 

We modulated the recipe of Co and Cu in the Co/Cu 

bimetallic catalyst system to investigate the effect of catalyst 

preparation recipe on SWNT diameter and quality. The ratio of 

Co catalysts was reduced by diluting the Co acetate ethanol 

solution for 10, 20 and 100 times in the dip-coating process. 

The CVD temperature was kept at 650 ºC, and the obtained 

SWNT samples were named as Co0.1Cu650, Co0.05Cu650 and 

Co0.01Cu650, respectively. Figure 6 show the Raman spectra of 

the abovementioned samples under the laser excitation of 532 

nm, with the dispersed CoMoCAT film on quartz as the 

reference sample. Note that Si/SiO2 which has a very weak 

Raman peak that is easy to be confused with (6,5) SWNTs. The 

Raman spectrum of the substrate (Si/SiO2) was given in the 

Supporting Information S4 and compared with that of CoCu650. 

The as-synthesized SWNT films have enough yields (Fig. 4) to 

submerge the relatively weak Raman signal of Si/SiO2 near 300 

cm-1. It can be found out that, when the Co catalysts were 

diluted by 100 times, the intensity of RBM peak at 230 cm-1 

became weakened, while those at larger than 280 cm-1 became 

stronger. The intensity changes of the RBM peaks were 

reflected by the increases in the G- peaks at 1540, 1527, 1521 

 

Fig. 6 Raman spectra of dispersed CoMoCAT and as-

synthesized Co0.01Cu650, Co0.05Cu650, Co0.1Cu650, CoCu650, 

CoCu5650, CoCu10650 and CoCu50650, measured by laser 

excitation of 532 nm. 
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and 1496 cm-1 as well as the decreases in G- peaks at 1564 and 

1546 cm-1 and in Fano lineshape. However, the G/D ratio of 

Co0.01Cu650 also decreased. Overall, the Raman 

characterization indicated that the diameter and quality of 

Co0.01Cu650 were comparable to those of CoMoCAT film, and 

Co0.01Cu650 has narrower distribution of SWNT diameter but 

slightly lower quality than CoCu650. 

Furthermore, the ratio of Cu was increased by concentrating 

the Cu acetate ethanol solution for 5, 10 and 50 times. However, 

Raman spectra of the SWNTs synthesized by the Co/Cu 

catalyst system with concentrated Cu showed almost no 

difference with those of CoCu650. This finding is contradictory 

with our previous report that, in the Co/Mo bimetallic catalyst 

system, the increase of the secondary catalyst (Mo) density 

could prevent the coalescence of Co catalysts by the formation 

of Co-Mo-O intermetallic compounds, and thus reduce the 

amount of large-diameter SWNTs.9,33 Next we will further 

investigate the Co/Cu bimetallic catalyst system which appears 

to be different from the Co/Mo bimetallic (or Co monometallic) 

catalyst system. 

 

Growth mechanism of high-quality SWNTs with subnanometer 

diameter 
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To investigate the underlying growth mechanism of the high-

quality SWNTs with subnanometer diameter, Co monometallic 

catalyst system and Co/Cu bimetallic catalyst system were 

observed by TEM. Both Co and Co/Cu catalysts were deposited 

on 8-nm-thick SiO2 films which were suspended on Si grids 

(EMJapan). The grids were reduced at 700 ºC under Ar/H2 

environment and then directly used for TEM characterization. 

This could avoid the sample transfer process, and thus 

minimize the information changes or losses from CVD chamber 

to TEM characterization. We have systematically investigated 

Co/Mo bimetallic catalyst system using similar in-plane TEM 

technique in our previous publication.33 Figure 7a shows a 

typical TEM image of the Co monometallic catalyst system. 

The Co nanoparticles are observed with clear contrast on the 

SiO2 thin film. The size distribution of the Co monometallic 

catalysts on SiO2 was well fitted by Gaussian curve GCo, as 

shown by the histogram in Fig. 7b. The average diameter of Co 

catalysts was 3.5 nm with full-width half maximum (FWHM) 

of 1.0 nm. Unlike the Co monometallic catalyst system, the 

Co/Cu bimetallic catalyst system exhibited nonuniform particle 

size distribution, as shown in Fig. 7c. The statistical analysis 

revealed a bimodal size distribution which could be fitted by 

two Gaussian curves (GCo/Cu-S and GCo/Cu-L), as shown in Fig. 7d. 

The average diameter of the GCo/Cu-S nanoparticles was 1.7 nm 

with FWHM of 0.9 nm, demonstrating their smaller size with 

notably narrower distribution compared with GCo shown in Fig. 

7b; while the average diameter of the GCo/Cu-L nanoparticles was 

6.8 nm with very broad distribution (FWHM of 4.1 nm). The 

TEM characterization indicated that adding Cu into Co 

catalysts induced the substantial change in nanoparticle size. 

We will further discuss how such a change of particle size 

distribution ultimately led to the direct growth of the high-

quality and subnanometer-diameter SWNTs. 

To examine the compositions of the nanoparticles in the 

Co/Cu bimetallic catalyst system, we further conducted 

elements mapping of Co and Cu by using EDS-STEM. The 

results are shown in Fig. 8a and 8b. Interestingly, when 

overlapping the element distributions of Co and Cu, it could be 

observed that each GCo/Cu-L nanoparticle was actually a binary 

particle system where a Co nanoparticle was anchored by a Cu 

nanoparticle, as shown in Fig. 8c. The anchoring effect of Cu 

exists in both GCo/Cu-L and GCo/Cu-S nanoparticles. Even in very 

small nanoparticles, the Cu anchoring effect can be clearly 

observed. The average actual size of the Co nanoparticles could 

be even smaller than GCo/Cu-S nanoparticles. The ratio of the Co 

nanoparticles anchored by Cu is over 70%. Note that Co was 

 

Fig. 7 (a) TEM image of Co monometallic catalyst system on SiO2 thin film. (b) Histogram of particle size distribution of Co 

monometallic catalyst system on SiO2 thin film. (c) TEM image of Co/Cu bimetallic catalyst system on SiO2 thin film. (d) Histogram of 

particle size distribution of Co/Cu bimetallic catalyst system on SiO2 thin film  
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not fully surrounded by Cu, but partially exposed on the surface. 

Moreover, neither alloys nor intermetallic compounds could be 

clearly recognized, owing to the very low mutual solubility 

(<1%) of Co and Cu at this temperature. The formation of the 

binary particle system was mainly attributed to the well-known 

strong adhesion force between Co and Cu. The strong Co-Cu 

adhesion force has been widely utilized in semiconductor 

industries, in which the expansion and diffusion of Cu particles 

could be effectively limited by adding Co particles.21,22 In this 

research, owing to the strong Co-Cu adhesion force, Co 

nanoparticles were kept and anchored by nearby Cu 

nanoparticles before being coalesced or ripened into larger Co 

nanoparticles. The small Co nanoparticles protected by Cu 

resulted in the subnanometer diameter of the SWNTs. 
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Moreover, the chemical status of the nanoparticles in the 

Co/Cu bimetallic catalyst system was examined by HAADF-

STEM. The imaging intensity of HAADF-STEM is strongly 

dependent on the atomic number (Z) of the constituent 

atoms.34,35 As the atomic numbers of Co (Z=27) and Cu (Z=29) 

are almost the same, a brighter contrast is caused by denser 

atoms or thicker specimen, i.e., a larger particle. If we focus on 

the same particle size, the difference of the HAADF contrast 

should only depend on the density of atoms. The Z-contrast 

imaging micrographs shown in Fig. 8d and 8e were taken in the 

same area shown in Fig. 8c. Because the metal densities of 

Co/Cu is approximately two times of that of oxide, the metallic 

nanoparticles (arrow A in Fig. 8d) are much brighter than oxide 

ones (arrow B in Fig. 8e). The Co nanoparticles anchored by 

Cu nanoparticles were consistent with the bright HAADF 

contrast derived from metallic nanoparticles, while the 

nanoparticles consisting of only Co were oxidized with the dark 

HAADF contrast. Figure 8f shows a high-resolution HAADF-

 

Fig. 8 EDS elemental mapping of (a) Co and (b) Cu on the surface of Co/Cu catalysts. (c) Combinational image of (a) and 

(b) showing Co nanoparticles are anchored by Cu. (d) HAADF-STEM imaging of the Co/Cu catalyst with (e) highlight 

intensity distribution using colour bar. The imaging was taken in the same area shown in (a-c). (f) EDS-STEM mapping of 

Co & Cu overlapped on high-resolution HAADF-STEM.  
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STEM image overlapped with EDS mapping, In the area of Cu, 

the lattice distances are 0.21 and 0.18 nm, which match the 

lattice distance of Cu (111) and (200), respectively. The 

nanoparticle is clearly observed with fcc structure. Moreover, 

this representative Cu-anchored nanoparticle was identical to 

the single-crystal, which indicated that there was no twin or any 

planar defects between Co and Cu crystalline in this 

nanoparticle. The perfect grain boundary between Co and Cu 

illustrated by HAADF-STEM may be the main reason for their 

strong adherence which results in the anchoring effect of Cu.  

So far, the effect of catalyst size on SWNT diameter is very 

difficult to discuss independently, as it is usually accompanied 

by the changes of CVD temperature and catalyst composition. 

In this study, when the CVD temperature was kept as the same, 

the decrease of Co catalyst size was realized by the anchoring 

effect of Cu without the formation of alloys or intermetallic 

compounds. The smaller Co catalysts in the Co/Cu bimetallic 

catalyst system was the dominant reason for the smaller 

diameter (0.75 nm) of CoCu650 than that of Co650 or 

CoMo650 (1.1 nm). Therefore, the positive correlation between 

catalyst size and SWNT diameter could be validated. The 

anchoring effect of Cu discovered here suggests a new strategy 

to independently control the catalyst size for the CVD direct 

growth of SWNTs. 

In light of the STEM results, we discuss the growth 

mechanism of the high-quality and subnanometer-diameter 

SWNTs. In the Co monometallic catalyst system, because of 

the weak Co-SiO2 bonding strength, Co atoms have higher 

mobility to move on substrates at CVD temperature (i.e., in the 

range of 650 – 800 ºC). The colliding and coalescing of Co 

nanoparticles would result in the formation of large-size Co 

nanoparticles, as shown in Fig. 9a. As far as the Co/Cu 

bimetallic catalyst system is concerned, since the melting 

temperature of Cu is close to CVD temperatures, Cu 

nanoparticles are very mobile, and thus easier to form very 

large particles through coalescing or Ostwald ripening. The 

much larger Cu nanoparticles are more stable and fixed to 

substrates because of the increased contact area with substrates. 

The fixed Cu nanoparticles can easily capture Co nanoparticles 

during collision, owing to the strong adhesion force between Co 

and Cu. The Co nanoparticles are anchored by Cu nanoparticles 

on substrates before growing into much larger ones, as shown 

in Fig. 9b. The much smaller Co nanoparticles in the Co/Cu 

bimetallic catalyst system are responsible for the direct growth 

of subnanometer-diameter SWNTs. 

In addition to the anchoring effect, Cu could also contribute 

to improve the catalytic performance of Co nanoparticles. 

Although it has been reported that Cu nanoparticles are able to 

catalyse SWNT growth,36,37 the catalytic activity of Cu in the 

Co/Cu bimetallic catalytic system can be neglected compared 

with that of Co, owing to the much lower carbon solubility of 

Cu. At lower CVD temperatures such as 650 and 700 ºC, small 

Co catalysts are more susceptible to the overloading of carbon 

precursors owing to the small volume and low carbon 

precipitation rate. The low carbon solubility of Cu could 

significantly reduce the total carbon feed to the Co catalysts 

which are anchored by Cu nanoparticles, and thus is beneficial 

for protecting Co catalysts from being poisoned by the 

overloading of carbon precursors. Moreover, as shown by the 

HAADF-STEM characterization in Fig. 8d, the Co 

nanoparticles anchored by Cu were thoroughly reduced to 

metallic status, thus the catalytic activity of Co could be 

guaranteed. The roles of Cu in the Co/Cu bimetallic catalyst 

system can be summarized as: 1) to anchor Co catalysts before 

merging into larger nanoparticles; 2) to protect small Co 

particles from being overloaded by carbon precursors; 3) to 

assist the thorough reduction of Co nanoparticles. The three-

fold effect of Cu makes the direct growth of high-quality and 

subnanometer-diameter SWNTs on substrates possible. 

Conclusions 

In summary, the randomly percolated and vertically aligned 

SWNTs with high quality and subnanometer diameter have 

been directly synthesized on quartz and Si/SiO2 substrate using 

Co/Cu bimetallic catalyst system. The optical band gap of the 

as-synthesized SWNTs is larger than that of silicon, and is 

tunable in the range of 1.1 – 1.25 eV. The SWNT films in this 

research are very promising for the applications of all-carbon 

solar cells in which SWNTs serve as the photogeneration layer. 

In the Co/Cu bimetallic catalyst system, the size of Co catalysts 

has been substantially decreased owing to the anchoring effect 

of Cu, rather than the formation of alloys or intermetallic 

compounds. The study here clearly verifies the positive 

correlation between SWNT diameter and catalyst size. The 

findings in this research provides a new paradigm of catalyst 

design which employs the strong adherence between metals to 

modulate the size of catalysts and thus the diameter of SWNTs. 

 

Fig. 9 Schematics of the growth mechanism of (a) Co 

monometallic catalyst system and (b) Co/Cu bimetallic catalyst 

system 

Page 11 of 13 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Nanoscale 

12 | Nanoscale, 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Experimental Methods 

CVD Growth of SWNTs 

The as-received quartz or 500-µm-thick Si substrate with 

100-nm-thick thermally grown SiO2 (SUMCO) was annealed at 

500 ˚C in air for 30 min to remove possible organic 

contaminants. The catalysts were loaded on the substrates 

through dip-coating processes, followed by the calcination at 

400 ºC in the air. Cobalt were loaded after the supporting 

catalysts (i.e., copper or molybdenum), although changing the 

sequences of dip-coating made no difference in catalytic 

behaviours, i.e., the quality, yield and diameter distribution of 

SWNTs. 

The substrates carrying catalysts were placed in a quartz tube 

(with the diameter of 26 mm) and annealed under Ar/H2 (3%) 

environment at the pressure of 40 kPa, from room temperature 

to target temperature in 30 min. Once the target temperature 

was reached, the quartz tube was immediately evacuated to the 

system vacuum of 22 Pa. The substrates were kept at the target 

temperature, and ethanol feedstock (dehydrated, 99.5%, Wako 

Chemical, Inc.) was introduced with a flow rate of 50 sccm 

with the total pressure at 1.3 kPa. 

 

TEM Characterization 

Characterization of particles consisted of HRTEM (200kV, 

JEM-2000EX, JEOL Co., Ltd.) and STEM-EDS (200kV, JEM-

ARM200F Cold-FEG dual SDD, JEOL Co., Ltd.). EDS 

mapping was carried out by using EDS analyser (Noran system 

7, Thermo Fisher Scientific, Co. Ltd.). The HAADF-STEM 

observation was operated at the acceleration voltage of 200 kV. 

The catalysts samples with TEM grid were kept in the CVD 

chamber under Ar environment overnight after being reduced 

by Ar/H2 (3%) at 700 ˚C. The air exposure from the CVD 

chamber to the STEM characterization was limited within 1 h. 
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