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We examined the time-dependent effect of the titanium oxide 

photocatalysis on N-methyl-2-pyrrolidone-helped individually 

dispersed single walled carbon nanotube (SWNT) suspension. 10 

From optical spectroscopic studies, we found a selective 

decoration of the semiconducting tubes. Such selectivity is 

attributed to the preferential attack of the photogenerated active 

species on the hole-doped semiconducting SWNTs.  

Single walled carbon nanotubes (SWNTs) have attracted 15 

considerable attention due to their unique electronic structure 

as well as their excellent electrical, thermal and mechanical 

properties.1, 2 However, such tubes exhibit a strongly bundled 

structure, and they are insoluble due to their strong 

hydrophobic nature. Thus, in order to exploit the intrinsically 20 

present characteristics of SWNTs, sidewall chemistry has 

been actively studied to find an efficient way of introducing 

hydrophilic functional groups on the sidewall and then 

improving their chemical processibility. Commonly, strong 

acid treatments have been used to improve the dispersibility 25 

of carbon nanotubes.3-6 Very recently, titanium oxide 

photocatalysis has been examined as an alternative tool to 

modify the sidewall of carbon nanotubes7, 8 as well as to 

transform graphene oxide to graphene through a mild 

process.9-11 Even though its effectiveness to modify the 30 

sidewall of the tubes was verified,7 there is no report on the 

reaction selectivity of the photogenerated species on metallic 

and semiconducting SWNTs.  

 Here, we present a study on the photocatalytic activity of 

titanium oxide in homogeneously dispersed SWNT 35 

suspensions. More specifically, a N-methyl-2-pyrrolidone 

(NMP)-helped individually dispersed SWNT suspension 

containing titanium oxide thin film was illuminated using 

ultraviolet light up to 60 days, and then the time-dependent 

changes in the optical properties of SWNTs were monitored 40 

using UV-Vis-NIR absorption spectra. Such photocatalytic 

treatment selectively depressed the optical activity of 

semiconducting tubes (due to partially decorated carboxylic 

groups on the sidewall) because the photogenerated active 

species (e.g., superoxide-ion and hydroxyl radicals) are 45 

expected to have a higher reactivity with the hole-doped 

SWNTs. 

 In this study, high-purity Hipco-based SWNTs (ca. 0.5 

wt % metallic impurity) are used without further treatments. 

In order to assure homogeneous photocatalytic reactions in the 50 

nanotube suspensions, the nanotube suspension was prepared 

as follows. SWNTs (ca. 2 mg) were dispersed in NMP (100 

ml) under strong sonication (UP50H, ca. 600 W/cm2) for 1 hr 

at 4 °C and such a nanotube suspension was subjected to 

ultracentrifugation (Optima Max-XP, Beckman Coulter, 55 

240,000 g) in order to remove the bundled tubes. 

Subsequently, their supernatant (70 %), rich with isolated 

nanotubes, was used in our photocatalytic studies.  

 In addition, titanium oxide film instead of titanium oxide 

particles was used as a photo-catalyst in order to avoid direct 60 

charge transfer from particles to nanotubes. The titanium 

oxide film was prepared using the sol-gel method as follows. 

15 mL of tetraisopropyl orthotitanate was slowly added into 

15 mL of ethanol under vigorously stirring in a nitrogen 

atmosphere, and then 0.08 mL of 1.0 × 10-3 mol/dm3 aqueous 65 

hydrochloric solution as a catalyst was slowly added to the 

solution. After dipping a glass plate in the sol-gel solution, 

and then thermally treating it at 673 K for 30 min in air, we 

have prepared a titanium oxide film exhibiting crystal 

structure of anatase (Fig. S1, ESI†). Finally, the nanotube 70 

suspension containing titanium oxide film in a vial was photo-

catalyzed using ultraviolet light (BL-10, Yazawa cop., 10 W) 

for 10, 30 and 60 days. We have measured the Resonant 

Raman spectra from this sample using 514.5, 632.8 and 785 

nm laser excitations (Horiba JY T6400) and UV-Vis-NIR 75 

absorption spectra (UV-3150, Shimazu) on SWNT 

suspensions that are photocatalytically treated for different 

time.  

The individually dispersed SWNT suspension is required in 

order to assure homogenous chemical reactions in SWNTs 80 

that are dispersed in NMP by the photocatalysis of titanium 

oxide. Thus, rather than the commonly used surfactants (e.g., 

sodium dodecyl benzene sulfonate and sodium dodecyl 

sulfate), NMP is selected as the dispersing agent, because 

surfactants are known to adsorb to the sidewall of the tubes 85 

and thus might act as a protective layer against photocatalysis. 

In addition, it is well known that NMP has a high ability to 

disperse SWNTs up to 0.25 mg/L.12-14 The SWNT suspension 

that is prepared by the sonication and followed by 
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ultracentrifugation was photocatalytically treated for 10, 30 

and 60 days. The effect of photocatalysis is monitored by 

observing the UV-Vis-NIR absorption spectra (Fig. 1). The 

sharp and well-resolved absorption peaks in the pristine 

sample indicates that the SWNTs were individualized in NMP. 5 

The absorption peaks in the range of 400-550 nm, 550-900 nm, 

and 1100-1380 nm spectral regions can be assigned to the 

metallic E11 (M1), semiconducting E22 (S2), and 

semiconducting E11 (S1) transitions, respectively.15 Here, Eii 

indicates the optical transition energy of an electron-hole pair 10 

for the ith valence  and ith conduction energy bands. Even 

though we cannot observed a large change in the M1 and S2 

bands in comparison with the pristine sample which is the 

NMP-helped isolated SWNT suspension before the 

photocatalytic treatment, the S1 absorption band was 15 

drastically changed by the titanium oxide photocatalysis, since 

the oxidation induced hole-doping effect easily suppresses the 

electronic transition S1.16  We found a time-dependent 

decrease in the absorption peaks at 1150 and 1294 nm, as well 

as newly appearing peak at 1172 nm. These results support 20 

our conclusion that the S1 band structure in SWNTs was 

selectively modified by the photocatalytic effect of the 

titanium oxide.17 

Fig. 1 UV-Vis-NIR absorption spectra of the pristine SWNTs and 

of SWNTs that are photocatalytically treated for 10, 30 and 60 25 

days. 

 

In order to study such optical changes in the semiconducting 

SWNTs in detail, resonance Raman spectroscopy is chosen 

rather than UV-Vis-NIR absorption spectroscopy because of 30 

its high sensitivity to the diameter and the metallicity of the 

tubes.18,19 The SWNT suspension that is photocatalytically 

treated for 60 days was spin-coated on a glass substrate and 

then Raman spectra using 514.5, 632.8 and 785 nm laser 

excitations were measured (Fig. 2). The assignment of 35 

metallic and semiconducting bands was carried out using the 

Kataura plot.20 Figure 2 (a) shows three types of radial 

breathing modes (RBM) with three different excitation lasers, 

785 (red), 632.8 (blue), and 514.5 nm (black), for the pristine 

(bold line) and photocatalytically treated samples for 60 days 40 

(dotted line). While the pristine sample showed five RBM 

peaks below 500 cm-1 for the 514.5 nm laser excitation (Fig. 2 

(a)), the photocatalytically treated SWNTs showed severely 

depressed RBMs at 180 and 210 cm-1 which arise from the 

semiconducting tubes and three RBMs at 250, 260 and 273 45 

cm-1 coming from the metallic tubes without any distinctive 

change. Similarly, for the 785 nm laser excitation, the RBMs 

in the range of 200-250 cm-1, indicating that the signal from 

the semiconducting tubes, is depressed via the photocatalytic 

reactions. However, there is no distinctive change in RBMs at 50 

191 and 220 cm-1 arising from the metallic SWNTs in the 

Raman spectra taken with a 632.8 nm laser excitation. It 

shoud be noted that we did not observe change in the 

semiconducting tubes with relatively small diameter in the 

range of 250-300 cm-1 for the 785 and 632.8 nm laser 55 

excitations. This means that the photocatalytic doping effect 

on the sidewall of SWNT by the titanium oxide occurs 

selectively for the semiconducting tube with a relatively large 

diameter over 1 nm due to the smaller DOS (density of state) 

at the Fermi level than less than 1 nm tube and then the quick 60 

change of the resonance condition by hole-doping. 

Fig. 2 (a) Low-frequency and (b) high-frequency Raman spectra 

using 514.5, 632.8 and 785 nm excitation lasers for the pristine 

SWNTs and for SWNTs that are photocatalytically treated for 60 

days. The Raman spectra were normalized to the G band intensity.  65 

Mi and Si are metallic and semiconducting interband transitions.   

 

In addition, we are able to notice such selective reactions from 

high-frequency Raman spectra (Fig. 2 (b)). There is a 

relatively sharp, strong G-band (E2g2 graphite mode) around 70 

1590 cm-1 and a broad D-band (defect-induced mode) in the 

range of 1300-1350 cm-1. As shown in the 514.5 nm Raman 

spectra of Fig. 2 (b), the photocatalytic treatment gives rise to 

an intensified Breit-Wigner-Fano (BWF) tail around 1500 cm-

1 which appears only for the metallic tube, supporting the 75 

observation that a selective reaction of the photogenerated 

active species to the semiconducting tubes occurred. 



Conclusively, in the low frequency Raman spectra, the RBM 

coming from the semiconducting tubes is depressed, while the 

RBMs from metallic tubes remained the same. From those 

Raman studies, the depressed Raman lines from 

semiconducting tubes are the result from the selective reaction 5 

of the photogenerated active species on the semiconducting 

tubes.  

 It is expected that the hole-doped semiconducting SWNTs 

have a higher reactivity due to their higher DOS at the Fermi 

level. Therefore, the reason for such a change in the S1 band 10 

of the UV-Vis-NIR absorption spectra can be explained by 

hole-doping. In addition, we observed a selective diameter 

dependent hole-doping effect for semiconducting tubes by the 

resonance Raman spectroscopy measurements. It should be 

noted that the absorption spectra are intensive in the small 15 

diameter area (< 1 nm) for each Eii transition due to the lager 

DOS than more than 1 nm tubes. Thus, the optical absorption 

was observed no change for the S2 and S3 spectral regions. As 

the reason for the selective hole-doping, first, the 

photocatalysis of titanium oxide generates the electron-hole 20 

pair by light irradiation (1).21 

 

TiO2  +  hν  →  h+  ＋  e－          (1) 

 

Here, h indicates the Planck constant and h+ and e- indicate 25 

hole and electron, respectively. The hole-doped SWNTs are 

formed by the photogenerated hole of the titanium oxide (2), 

because oxidative treatment is known to induce hole-doping in 

tubes.22－24 

 30 

SWNT  +  h+  (TiO2)  →  SWNT+       (2) 

 

Subsequently, the photo-excited titanium oxide has the ability 

to reduce O2 and oxidize H2O adsorbed on TiO2 or dissolved 

in NMP. As a result, superoxide-ion (O2
－ ) and hydroxyl 35 

radical (・OH) are generated (3): 

 

O2  +  e－  (TiO2)  →  O2
－        

H2O  +  h+  (TiO2)  →  ・OH  +  H+       (3) 

 40 

Finally, photogenerated active species such as O2
－ and ・OH 

chemically attack the hole-doped semiconducting SWNTs. 

Eventually, oxygen-containing groups such as the carboxyl 

group are sequentially decorated on the sidewall of the 

semiconducting SWNTs (4), thereby resulting in the 45 

breakdown of van Hove singularities (and a loss of Raman 

resonance). 

 

SWNT+(semiconducting)  +  O2
－ and ・OH  →   

SWNT-COOH       (4) 50 

 

 In summary, using optical spectroscopies, we demonstrated 

that the titanium oxide photocatalysis showed a unique 

chemistry to introduce oxygen functional groups 

preferentially on the sidewall of the semiconducting tubes 55 

with large diameter (> 1 nm) in an NMP-helped individually 

dispersed SWNT suspension. The drastic change in the S1 

band of the absorption spectra as well as the depressed 

intenisty for the Raman lines arising from the semiconducting 

tubes supports the claim that the photogenerated species (e.g., 60 

superoxide-ion and hydroxyl radicals) selectively attach to the 

hole-doped semiconducting SWNTs. We envisage that our 

study will be helpful for manipulating the diameter and the 

metallicity of SWNTs in a more controlled manner.  
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