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Abstract 

A commercial single-walled carbon nanotube (SWCNT) material is separated into 

various fractions containing different conformations. The liquid fractions show clear 

variations in their optical absorbance spectra, indicating differences in the 

metallic/semiconducting character and the diameter of the SWCNTs. However, all the 

thin solid films fabricated with the starting SWCNT sample and the fractions behave as 

semiconducting networks. The starting SWCNT sample and the fractions as well are 

used to prepare hybrid electrodes with titanium dioxide (5% SWCNT/TiO2). Raman 

spectroscopy shows the transference of optoelectronic properties of the SWCNT 

fractions to SWCNT/TiO2 electrodes. The electrochemical behavior of SWCNT/TiO2 

electrodes is studied by cyclic voltammetry. Voltammogram shape and faradaic peaks 

depend on the SWCNT fraction, showing a relationship between the SWCNT optical 

response and SWCNT/TiO2 electrochemical properties. This work deepens into the 

transference of SWCNT nanoscale properties to macroscopic systems, which is a topic 
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of intense research for its fundamental interest and applications in electronics, energy 

devices, photocatalysis, and electroanalysis. 

 

Keywords: carbon nanotube; semiconductor; optical spectroscopy; electronic 

properties; electrochemistry 

 

1. Introduction 

The properties of single-walled carbon nanotubes (SWCNTs) are mostly derived 

from their one-dimensional character, which produces confinement in the energy 

density of states. The cylindrical configuration of carbon atoms, commonly 

described through the Hamada indexes (n,m) control the electronic and 

vibrational response of individual SWCNTs. Therefore, SWCNTs show 

characteristic signals in their visible-near infrared absorption, photoluminescence 

and Raman spectra.[1-5] 

In spite of the important progress in SWCNT synthesis, the currently available 

powder materials still consist of a mixture of many individual configurations. 

Several methods have been developed for the post-synthesis separation of 

SWCNTs, including density gradient ultracentrifugation,[6] gel 

chromatography,[7] and more recently, aqueous two-phase extraction.[8] In 

particular, gel chromatography methods were first described for HiPco® 

SWCNTs, and then extended to other SWCNT types.[9] One fraction of metallic 

species and a few fractions of mainly semiconducting species can be obtained by 

relatively simple experimental procedures at a laboratory scale.[10] In addition, 

highly specific separations have been described, including SWCNT enantiomer 
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isolation, although they require much complex time-consuming fractionation 

protocols.[11,12] 

All the SWCNT separation methods require a previous stage of powder 

dispersion in a liquid, which ideally leads to stabilization and individualization. 

Since pristine SWCNTs are highly hydrophobic, dispersion in water has to be 

achieved using surfactants and ultrasonic treatments.[13] The resulting stable 

dispersions, either containing the pristine SWCNTs or after the chromatographic 

separation, can be processed by a wide range of deposition techniques including 

inkjet printing, roll-to-roll, dip-coating and spray-coating.[14-17] The as-prepared 

films, wires, circuits, coatings or interphases are ready for applications in 

electronics, sensors and energy devices, among others. Therefore, an interesting 

topic is whether the individual SWCNT electronic properties can be transferred to 

macroscopic film systems. 

Metal oxide semiconductors are widely investigated for a great number of 

applications including solid state devices, electronics, solar cells and 

photocatalysis. In particular titanium dioxide (TiO2) shows high photoactivity, 

chemical stability, abundance, low cost, biocompatibility and other relevant 

properties. Hibridization with carbon nanomaterials can be considered a way for 

modifying and improving TiO2 performance.[18] Since synergistic effects in the 

composite materials are usually associated to processes taking place at interphase 

regions, it is expected that they will be enhanced using nanostructured materials, 

which show high surface areas and aspect ratios. 

In the present work, pristine SWCNTs are separated into four fractions by gel 

chromatography at ambient conditions. One fraction mostly contains metallic 

SWCNTs and the others represent different distributions of semiconducting 
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SWCNTs. The predominant species in each fraction are identified by absorbance 

spectroscopy. The SWCNT fractions are utilized for the preparation of semi-

transparent films and characterized by electrical conductivity measurements in 

the temperature range between 4 and 400 K. Then, the SWCNT dispersions are 

mixed with TiO2 nanoparticles and deposited in the form of SWCNT/TiO2 film 

electrodes. The transfer of SWCNT optical properties to the SWCNT/TiO2 

electrodes is shown by Raman spectroscopy. Electrochemical characterization by 

cyclic voltammetry show several faradaic features that can be intuitively assigned 

to redox processes on SWCNT/TiO2 junctions. Moreover, the electrode double-

layer capacitance and the faradaic features depend on the composition of the 

SWCNT fraction, demonstrating a relationship between the optical SWCNT 

properties and the electrochemical behaviour of the macroscopic hybrid network. 

 

2. Experimental methods 

 

2.1. Materials and equipment 

Pristine HiPco® SWCNTs were purchased from NanoIntegris Technologies Inc., 

Boisbriand, Canada. Sodium dodecyl sulphate (SDS, 98%) was purchased from 

Sigma-Aldrich. Sodium deoxycholate (DOC, 99%, Across Organics) and 

Aeroxide® P25 TiO2 were purchased from Fisher Scientific. 

The alyl dextran gel Sephacryl S-200 (GE Healthcare) was utilized for the 

chromatographic separation. Standard 1mm glass slides and conductive silver 

paint (RS Components) were utilized for sheet resistance measurements. 

Fluorinated tin oxide (FTO, 80 nm on 1mm glass slides, 25x10 mm2, R ~ 100 

Ω/sq.) substrates were provided by Solems SA, Palaiseau, France. 
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Ultrasound treatments were performed with a 400 W UP400S probe by Hielscher, 

Germany, working at 0.5 cycles and 60% amplitude. Centrifugation was 

performed in an Optima L-100XP ultracentrifuge by Beckman Coulter, provided 

with a SW55Ti 3671 rotor. The 475 Premium spray gun by Sagola, Vitoria, 

Spain, was utilized for film deposition. 

Absorption spectra were performed in Shimadzu UV-2401 PC and FTIR Vertex 

70 Bruker spectrometers, using cuvettes of 1 cm optical path. Four probe 

electrical conductivity measurements were performed in a Physical Property 

Measurement System, model 6000 PPMS controller. 

Raman spectra were measured using a HORIBA Jobin Yvon spectrometer HR 800UV. 

The measuring parameters were set as follows: laser wavelength = 532 nm (green) or 

785 nm (red), hole = 500 µm, grating = 1800 lines/mm, exposition = 5 s, accumulation 

= 5 acquisitions, objective = x50. The incident power was around 1 mW. 

Electrochemical measurements were carried out in a three electrode configuration 

using the Autolab PGSTAT 302N. The reference electrode was Ag/AgCl, 3M 

NaCl (E° = 0.210 V), and the counter electrode was a graphite rod. Cyclic 

voltammetry was performed at a scan rate of 20 mV/s. 

 

2.2. Chromatographic separation 

In a typical experiment, 10 mg of SWCNT powder was mixed with 10 mL of 

0.5% SDS and sonicated for 1 h in an ice bath. The dispersions were centrifuged 

at 200,000xg (40,500 rpm) for 90 min at 20°C. The supernatant was carefully 

decanted and the sediment discarded. The resulting liquid suspension contains 

highly purified well-dispersed SWCNTs.[17,19,20] 
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A vertical plastic syringe of 50 mL (Øi = 29 mm) with a steel needle was utilized 

as the chromatographic column. The separation was performed by gravity at 

ambient conditions of temperature and pressure. The chromatography gel was 

inserted in the column up to a height of 12 mm, and packed by washing with 

water and 0.5% SDS. The liquid flow was set at approximately 1mL·min-1 by 

means of a cotton plug at the syringe exit. 

Immediately after gel packing, 8 mL of the purified SWCNT dispersion was 

carefully added at the top of the gel column, and a first reddish fraction was 

eluted. Three additional fractions were eluted by the subsequent addition of 8 mL 

of 1% SDS, 2% SDS and 1% DOC. The starting purified dispersion and the four 

eluted fractions are hereafter called 0-SWCNT and i-SWCNT, where i is the 

fraction number. 

 

2.3. Optical absorption spectra 

Absorbance spectra were measured in the ultraviolet-visible-near infrared (UV-

Vis-NIR) region from 300 to 1350 nm. The technique provides semi-quantitative 

information about the SWCNT conformations present in the liquid suspension. In 

addition, the SWCNT concentration (c) after centrifugation can be determined if 

the relationship of absorbance (A) vs. c is known at a given wavelength λ. The 

calibration was performed by measuring the absorbance for several dispersions of 

the pristine SWCNT material. According to the Beer-Lambert law: A = ε·L·c, 

where L = 1 cm is the optical path of the quartz cuvette, an extinction coefficient 

ε = 22.7 mL·mg-1·cm-1 was determined at λ = 850 nm, and it was considered to 

be approximately constant for all the SWCNT dispersions. 
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2.4. Specimens for electrical resistance measurements 

Resistance measurements were performed on semi-transparent films made from 

the purified and separated SWCNT dispersions. Perfectly clean square glass 

substrates (10·10·1 mm3) were used as supports. The preparation of SWCNT thin 

films was performed by spray-coating the aqueous dispersions on the substrates 

at 125°C. Approximately 1 mL of SWCNT dispersion at 0.02 mg·mL-1 was 

painted on each substrate. The films were immersed in deionized water overnight 

to remove the surfactant. Two silver electrodes were painted on opposite sides of 

the square specimen, where electrodes were connected for the measurement. 

 

2.5. Preparation of SWCNT/TiO2 electrodes 

In a typical experiment, 1 mL of a 2 mg·mL-1 suspension of TiO2 in absolute ethanol 

was prepared by bath sonication for 30 min. Subsequently, a suitable volume of the 

SWCNT aqueous dispersion was added and homogenised in the ultrasounds bath. The 

SWCNT amount was the 5.5 mass% of the TiO2. The SWCNT/TiO2 hybrid material 

was deposited on approximately 1 cm2 of the FTO substrate by spray-coating. Dry films 

were washed by immersion in deionized water for 24 h for the removal of the surfactant 

residue. Finally, the films were sintered at 450°C for 1 h under nitrogen atmosphere. 

 

3. Results and discussion 

 

3.1. Optical absorption study 

Figure 1 shows UV-Vis-NIR spectra of the starting SWCNT suspension and the 

four fractions separated in the chromatography column. The fractions present 

different colours, more specifically red, brownish, green and blue, which reflect 
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their different optical response. In the first fraction, most of the SWCNTs are 

metallic (M-SWCNT), confirming the successful separation between M-

SWCNTs and semiconducting species (S-SWCNT) in 0.5% SDS. The S-

SWCNTs remain in the chromatography gel due to their stronger interaction, 

while M-SWCNTs are eluted. It has been shown that SWCNT adsorption on the 

gel is endothermic, and substantial differences exist between adsorption 

enthalpies of M- and S-SWCNTs.[21] 

The first reddish fraction shows increased absorbance bands in the range of 400-

650 nm, which are associated to electronic transitions between the first van Hove 

singularities in M-SWCNTs (M11 transitions). Three bands are observed in the 

M11 region, related to various conformations of M-SWCNTs. Various M-

SWCNT types were tentatively identified by their (n,m) indexes (Table S1), and 

associated to their respective diameters, according to the literature.[1,22,23] The 

diameters are represented against their respective absorption peak wavelengths in 

the bottom panel of Figure 1. 

After the 1-SWCNT fraction, which mainly shows the absorbance bands of M-

SWCNTs, the S-SWCNTs are eluted, starting by nanotubes with the largest 

diameters. The 2-SWCNT fraction contains various S-SWCNT conformations 

(Table S2), and a contribution of M-SWCNTs that is detected at absorbances 

around 510 and 555 nm. The most intense absorbance bands appear in the region 

of S11 transitions. Nanotubes with large diameters in the range of 14-19 nm are 

detected through their S22 transitions. The 3-SWCNT fraction contains many 

types of S-SWCNTs but only a residual presence of the M-SWCNT bands at 510 

and 555 nm. Intense absorption bands are detected in the regions of both the S11 

and S22 transitions. Several nanotube families with small diameters in the range 
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of 7-9 nm are detected through their S11 transitions, indicating that the average 

nanotube diameter decreases with respect to the previous 2-SWCNT fraction. 

Finally, the blueish 4-SWCNT fraction is eluted, including all the nanotubes that 

remained in the column after the previous elution. A residual presence of M-

SWCNTs is detected around 460 and 510 nm. The most prominent bands are 

associated to S-SWCNTs with small diameters (6-11 nm), while the number of 

conformational families with large diameters strongly decrease (Figure 1). 

 

3.2. Electrical characterization 

The electronic transport properties of SWCNT thin films, which were prepared 

by spray coating from the starting 0-SWCNT dispersion and the chromatographic 

fractions as well, were studied through measurements of DC resistance (R) in the 

temperature range of 4 to 400 K (Figure 2). It is known that R values are 

influenced by ambient conditions such as moisture and the filling gas in the 

measurement chamber.[24,25] The present measurements were performed under 

vacuum, after waiting for at least 2 h at room temperature, during which the film 

resistance increased until stabilization. 

For all the i-SWCNT films, R increases as temperature decreases, particularly 

below 70 K. Independently of the individual SWCNT conformations, all the 

SWCNT networks show a semiconductor behaviour, even though the resistance 

variation with temperature is much slower than in classical semiconductors such 

as germanium.[26] The shape of the R vs. T curve is analogous for all the 

measured films, in agreement with the fact that they are of nearly identical 

thicknesses.[26] The steep increase in R at T < 70 K can be fitted to tunnelling 
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transport models, while the slow variation at T > 70 K is associated to thermal 

effects.[26] 

In the whole studied temperature range, the lowest R (the highest conductivity) is 

found for the film prepared from the starting 0-SWCNT dispersion, and not for 

any of the fractions. The R values increase following the order of elution in the 

chromatographic column: 0 < 1 < 2 < 3. The film that was prepared with the 4-

SWCNT fraction led to a very high R, which could not be measured in the 

utilized experimental setup. The metallic characteristics of individual nanotubes 

from the 1-SWCNT fraction are not reflected in the behaviour of the film 

network. This fact might be due to a decrease in the length/diameter aspect ratio 

of the SWCNTs or SWCNT bundles during the chromatographic separation, 

which would cause an increase in the number of inter-nanotube contacts needed 

to create conducting paths in the network. It is evident that the electrical 

behaviour of the SWCNT thin film is not determined by individual nanotubes, 

but by contact resistances between them, in agreement with recent literature 

works.[27,28] Here, the electrical characterization of pure SWCNT films has to be 

taken in mind for the interpretation of the SWCNT/TiO2 electrochemical 

response. 

 

3.3. Raman spectroscopy 

The optoelectronic properties of the SWCNT/TiO2 electrodes were studied by 

Raman spectroscopy with two laser excitation wavelengths at 532 and 785 nm 

(green and red). The Raman modes of anatase phase TiO2, which is the main 

component of commercial Aeroxide® P25, were observed at 140, 190, 390, 520 

and 640 cm-1 (not shown), in good agreement with the literature.[29] 
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For the present study, the most interesting features are the SWCNT bands, 

particularly the radial breathing modes (RBMs) in the region of 175-300 cm-1 and 

the tangential modes (TMs) at around 1600 cm-1 (Figure 3). Raman spectroscopy 

is a resonant technique, and the signal intensity strongly depends on the laser 

excitation wavelength. Small or even residual amounts of SWCNT species near 

resonance conditions produce much stronger intensities than larger amounts of 

out-of-resonance SWCNTs. Therefore, the present measurements are only 

qualitative from the viewpoint of individual (n,m) SWCNTs. For instance, small 

amounts of a M-SWCNT conformation can be detected in samples that mostly 

contain S-SWCNTs, and vice versa. 

With the green laser, prominent RBMs for the 0-SWCNT/TiO2 film are observed 

at 184, 230, 239, 247, 263 and 271 cm-1. Clear differences are detected in the 

SWCNT/TiO2 electrodes prepared with the SWCNT fractions from the 

chromatography column. Some of the features change their relative intensities, 

while the bands at 260 and 271 cm-1 are maintained in all the fractions. The 1- 

and 2-SWCNT/TiO2 films keep the metallic M11 bands in the region of 225-260 

cm-1, while the intensity decreases in the 3- and 4- SWCNT/TiO2. The 2- 

SWCNT/TiO2 particularly looks like the starting 0-SWCNT/TiO2, and this fact 

will be later associated with the electrochemical results. The band at around 184 

cm-1 decreases while that at 295 cm-1 increases in the spectra of 3- and 4-

SWCNT/TiO2 films, showing that progressive changes take place during the 

chromatographic extraction. Most specifically, large diameter S-SWCNTs 

disappear while small diameter S-SWCNTs appear in the last fractions, in 

agreement with absorbance results in the liquids. 
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The TMs under the green laser undergo a clear evolution with the progress of the 

chromatographic separation (Figure 3.b). The starting sample shows a prominent 

G- band at 1550 cm-1, which can be associated to the presence of metallic 

SWCNT conformations.[30] The prominent G- band appears in the 1- and 2-

SWCNT/TiO2 samples, but it is progressively lost for 3- and 4-SWCNT/TiO2. 

Therefore, the M-SWCNT conformations in resonance under the green laser were 

mostly captured in the first and second fractions of the chromatographic 

extraction. 

Under the red laser, the RBMs of the 0-SWCNT/TiO2 sample appear at 209, 219, 

229, 236, 248, 261 and 269 cm-1 (Figure 3.c). The bands at 209 and 219 cm-1, 

which are associated to large diameter S-SWCNTs, nearly disappear in the 3- and 

4-SWCNT fractions. The TM profiles are nearly identical for all the samples 

(Figure 3.d), since the M-SWCNT conformations are far from resonance under 

the laser excitation at 785 nm. 

In summary, Raman spectroscopy on the SWCNT/TiO2 electrodes confirms that 

the liquid phase separation of SWCNTs is reflected in the optoelectronic 

properties of the solid composite. In the following, it will be proved that changes 

in the conformational composition of the SWCNT samples also affect the 

electrochemical characteristics of the composite SWCNT/TiO2 electrodes. 

 

3.4. Electrochemical analysis 

The chromatographic separation of SWCNT dispersions into different 

conformational compositions largely modifies the electrochemical response of 

SWCNT/TiO2 electrodes, which is here analysed by cyclic voltammetry in an 

alkaline medium (Figure 4). Figure 4.a shows the response of a pure TiO2 film on 
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the FTO substrate. The current density increases exponentially at the most 

negative potentials (E < -1.2 V vs. Ag/AgCl), as the TiO2 conduction band is 

filled with electrons. The exponential shape is usually associated to the presence 

of electronic states inside the bandgap, near to the lowest conduction band level, 

which are originated at the edge defects of TiO2 nanoparticles.31 

The voltammogram of the 0-SWCNT/TiO2 electrode, containing 5% of the 

starting SWCNT material, is totally different from the blank TiO2. Various 

anodic and cathodic peaks appear, particularly around E = -0.8 V. In pure 

SWCNT electrodes, incipient faradaic peaks have been previously associated to 

the SWCNT reduction process, whose redox potentials have been evaluated and 

depend on the SWCNT (n,m) conformation.[32,33] In hybrid SWCNT/TiO2 

electrodes, the peaks seem to be amplified by a charge transfer from TiO2 close to 

the SWCNT reduction potential.[34] Since the potentials depend on the (n,m) 

indexes, it has to be expected that voltammogram peaks will change for the 

different SWCNT chromatographic fractions. In fact, the prominent peaks of the 

0-SWCNT/TiO2 electrode clearly show an effect of fractionation. 

The voltammogram of the 1-SWCNT/TiO2 electrode, which mainly contains M-

SWCNT conformations, is quite rectangular-shaped and reaches high current 

values, indicating an increased double-layer capacitance. Synergistic 

improvements in the double-layer capacitance have been reported in carbon 

xerogel/TiO2,[35] multi-walled carbon nanotube/TiO2,[36,37] and graphene/TiO2 

electrodes.[38,39] The increase in capacitance has been typically associated to 

surface area and electrical conductivity given by the nanostructured carbon 

materials. However, it is demonstrated here that the suitable electronic 

characteristics or energy levels of the SWCNT fillers are also decisive for the 
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resulting electrode behaviour, since not all the SWCNT fractions lead to identical 

results. Moreover, it has to be remembered here that all the i-SWCNT networks 

show analogous electrical transport characteristics (Section 3.2), so the observed 

behaviour of SWCNT/TiO2 electrodes has to be related to SWCNT individual 

properties rather than to the conducting network. 

Together with the double-layer capacitance improvement, the prominent 

anodic/cathodic peaks that are observed in the 0-SWCNT/TiO2 nearly disappear 

in the 1-SWCNT/TiO2. Therefore, the M-SWCNT conformations in the first 

fraction provide charge accumulation surfaces but not charge transfer interfaces 

in the studied potential window. On the contrary, the 2-SWCNT/TiO2 electrode 

shows many peaks, which are reminiscent of the 0-SWCNT/TiO2 electrode. The 

SWCNT conformations that provide charge transfer centres for TiO2 were mostly 

separated in the second fraction of the chromatographic column. Besides, this 

hypothesis agrees with the similar Raman spectra of the 0-SWCNT and 2-

SWCNT/TiO2 electrodes.According to optical absorbance and Raman results, 

certain large diameter S-SWCNT conformations might play a key role in the 

faradaic charge transfer from TiO2. 

The 3- and 4-SWCNT/TiO2 electrodes show some of the initial faradaic charge 

transfer peaks; however, all of them are relatively weak. In addition, both the 

cathodic and anodic current densities, and thus the double layer capacitances, are 

lower than in the 1-SWCNT/TiO2. Overall, it is shown that the capacitance and 

the peaks in the voltammograms of SWCNT/TiO2 electrodes depend on the 

conformational composition of the SWCNT dispersion utilized for their 

preparation. 
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4. Conclusions 

In the present work, it is confirmed that SWCNT liquid dispersions of different 

conformational compositions can be obtained by chromatographic fractionation at 

ambient conditions. Independently of the M-SWCNT concentration, all the 

SWCNT solid films behave as semiconducting networks. However, hybrid 5% 

SWCNT/TiO2 electrodes prepared with the SWCNT fractions keep their 

respective optical properties, as measured by Raman spectroscopy, and show 

different electrochemical response. A high concentration of M-MWCNTs (1-

SWCNT/TiO2) leads to an increased double-layer capacitance with no faradaic 

features. In the measured potential window (-1.4 to 0.0 V vs. Ag/AgCl), faradaic 

peaks appear to be associated to certain large diameter S-SWCNT species (1-

SWCNT/TiO2), which provide the most suitable energetics for charge transfer 

from TiO2. The other S-SWCNTs (3- and 4-SWCNT/TiO2) lead to comparatively 

low double-layer capacitance and weak faradaic peaks. This work reveals a 

relationship between optical properties of SWCNTs and the electrochemical 

response of SWCNT/TiO2 hybrid electrodes, and suggests new ideas to transfer 

nanoscale properties into macroscopic systems. 
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Figure 1. Top) absorbance spectra of the diluted pristine SWCNT aqueous dispersion 
and the four fractions extracted from the chromatography column; bottom) tentative 
assignation of prominent peaks to SWCNT diameters. 
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Figure 2. Electrical resistance measurements on semi-transparent films of the pristine 
0-SWCNTs and three fractions extracted from the chromatography column. 
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Figure 3. Raman spectra of i-SWCNT/TiO2 films obtained with: a, b) 532 nm green 
laser, and  c, d) 785 nm red laser excitations, in the regions of: a, c) RBMs, and b, d) 
TMs. 
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Figure 4. Cyclic voltammetry study of the blank TiO2 and i-SWCNT/TiO2 electrodes. 


