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ABSTRACT

The effect of photoelectrocatalytic (PEC) degradation for different dyes with the CNT/TiO
2
 electrode was studied. The prepared

electrode was characterized with surface properties, structural crystallinity, elemental identification, and PEC activity. The N
2

adsorption data showed that the composites had decreased surface area compared with the pristine CNT. This indicated the

blocking of micropores on the surface of CNT, which was further supported by observation via FESEM. XRD patterns of the com-

posites showed that the CNT/TiO
2
 composite contained a mixing anatase and rutile phase. EDX spectra showed the presence of

C, O and Ti peaks for all samples. The decomposition efifciency of the prepared electrode was evaluated by the PEC degradation

of three dyes (methylene blue (MB), rhodamine B (RH.B), methyl orange (MO)). The variations of the FT-IR spectra and pH

value of dye solutions were measured during the PEC system; it was found that the CNT/ TiO
2 

electrode has better PEC degra-

dation for MB solution than that of RH.B and MO. The proposed degradation mechanism was present.
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Introduction

he azo dyes are important materials in the textile

industry; generation of wastewater from the textile

dye industry is due to the processing operations employed

during the conversion of fiber to textile fabric.1,2) The carci-

nogenic nature of these dyes and their precursors poses an

environmental threat.3,4) Various chemical and physical pro-

cesses such as chemical precipitation methods and separa-

tion of pollutants, coagulation, electro coagulation, and

elimination by adsorption on activated carbon, etc., are not

destructive. These processes only transfer the contaminants

from one form to another; therefore, a new and different

kind of pollution problem is being faced which in turn calls

for further treatment.5-7)

In the recent years, photocatalysis has become a promising

advanced oxidation technology for the treatment of water.

Among many catalysts, titanium dioxide (TiO
2
) is the most

widely used photocatalyst in drinking water due to its stabil-

ity in aqueous solution and its ability to oxidize many organics

to CO
2
 as well as to eliminate microorganisms in water. The

oxidation mechanism of the TiO
2
 photocatalytic process is the

formation of photoexcited electrons and holes that are created

when TiO
2
 is illuminated with light having greater than

band-gap energy; then, there is the generation of very reactive

species such as hydroxyl radicals that oxidize a broad range of

organic pollutants non-selectively and quickly.8,9) However,

the low photocatalytic efficiency has limited the application of

this technology in practical water treatment.10-14)

One of the most promising mechanisms for improvement

has been the separation of the electron and hole, thereby

reducing charge recombination, and allowing these active

species to take part in subsequent redox reactions on the sur-

face of the catalyst.15,16) In the PEC processes, it has been gen-

erally found that applying an external potential it is possible

to increase the efficiency of TiO
2
 by decreasing the recombi-

nation rate of the electron and hole. At the same time, the

supported materials for titania catalyst are very important.

According to our former studies,17-20) carbon-TiO
2
 composites

having a high surface area, porous texture distribution, and

good electron conductivity showed an excellent photoactivity,

especially carbon nanometer tube (CNT)/TiO
2
 composites.21,22)

In this method, positive potential was applied on the working

electrode, which could inhibit the recombination of electrons

and holes and enhance the rate of PEC degradation of

organic compounds.22-24) Jacinto Sá25) and his coworkers have

detected the electron transfer from TiO
2
 to metal particles of

the catalyst by EPR and FTIR, and have monitored the dif-

ferent trends in the solution pH in the degradation of

Rhodamine 6 G. However, up to now, the products and path-

ways of PEC decomposition reaction for dyes are not still

clear. In this study, we focused on variation of the IR spectra

and pH value of dye solutions during the PEC system.

In this study, we have prepared the CNT/TiO
2 
composite

electrodes in a composite process. The pre-oxidized CNT

mixed with different concentration TNB (Ti (OC
4
H

7
)
4
) solu-

tion formed CNT/TiO
2
 gels. The gels went through molding

T
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and pressing after addition of phenol resin, followed by heat

treatment; then, the CNT/TiO
2 

composite electrodes were

prepared. The developed electrodes were characterized by

X-ray diffraction (XRD), Field emission scanning electron

microscope (FESEM), and Energy dispersive X-ray (EDX).

The decomposition efficiency of the developed electrode was

evaluated by the PEC degradation of three kinds of dyes

(MB (C
16

H
18

N
3
SCl3H

2
O), RH.B (C

28
H

31
ClN

2
O

3
), MO (C

14
H

14

N
3
NaO

3
S)) with PEC reaction. We measured the IR spectra

of dye solutions during the PEC process with the CNT/TiO
2

electrode. The PEC system was also used to evaluate the

effect of pH on decomposition of dyes.

2. Experimental

2.1. Materials 

Carbon nanotubes (CNT) were selected as the support

material. The CNT, supplied from carbon nano-material

technology Co., Ltd., Korea. (Multiwall nanotubes, diame-

ter :~20 nm, length:~5 µm), were used without further

purification. The TNB as a titanium source for the prepara-

tion of CNT/TiO
2
 composites was purchased from Acros

Organics, New Jersey, USA. For the oxidization of the sur-

face of CNT, m-chloroperbenzoic acid (MCPBA)was used as

an oxidized reagent; it was purchased from Acros Organics,

New Jersey, USA. Benzene (99.5%) was used as an organic

solvent; it was purchased from Samchun Pure Chemical

Co., Ltd., Korea. The novolac typed phenol resin was sup-

plied by Kangnam Chemical Co., Ltd., Korea. The MB was

used at analytical grade and was purchased from Duksan

Pure Chemical Co., Ltd., Korea. The RH.B was purchased

from Samchun Pure Chemical Co., Ltd., Korea. The MO

was purchased from Daejung Chemicals & Metals Co., Ltd.,

Korea. The formulas of MB, RH.B, and MO are shown in

Fig. 1. The pH meter (HI8134) was purchased from Hanna

instruments of Italy.

2.2. Preparation of CNT/TiO
2
 electrodes

In this experiment, at first, to prepare the oxidizing agent,

2.0 g MCPBA was melted in 60 mL benzene. Then, 0.6 g

CNT was put into the oxidizing agent, refluxed for 6 h, fil-

tered and dried. The oxidized CNT was put into the mixing

solution of TNB and benzene with different ratios of vol-

ume. Then, the solutions were homogenized under reflux at

343 K for 5 h using a magnetic stirrer in a vial. After the

stirring, the solutions were transformed to CNT/TiO
2
 gels,

and these gels were heat treated at 973 K for 1 h with a

heating rate of 279 K/min. Then, 0.4 g phenol resin was

added to these CNT/TiO
2 

composites; the composites were

pressed at a pressure of 250 kg/cm2 in a mould, of which the

dimensions were 9.95 mm×39.5 mm×5.95 mm. Composites

were then heat treated at 673 K for 1 h, and the CNT/TiO
2

electrodes were prepared.

2.3. Characteristics and investigations of the samples

The Brunauer-Emett-Teller (BET) surface area of the

CNT/TiO
2
 composites was evaluated from N

2
 adsorption iso-

therm at 77 K using a BEL Sorp Analyzer (BEL, Japan).

XRD was used for crystal phase identification and estima-

tion of the anastase-to-rutile ratio. XRD patterns were

obtained at room temperature with a diffractometer, the

Shimata XD-D1 (Japan) using Cu Kα radiation. FESEM

was used to observe the surface state and porous structure

of the CNT/TiO
2 

composites using a JSM-5200 (JOEL,

Japan). EDX was used to measure the elemental analysis of

the CNT/TiO
2 

composites. UV-VIS spectra for the three

kinds of dye solutions degraded by CNT/TiO
2 
composite dis-

persed under different conditions were recorded using a

GenspecIII (Hitachi, Japan) spectrometer. As one of the

analyses of the functional groups, Fourier transform-infra-

red (FT-IR) spectroscopy (FTS 3000MX, Biored Co.) was

used to characterize the composite materials.

2.4. PEC decompositions

PEC decomposition was performed by using a CNT/TiO
2

electrode in a 100 mL glass container and then irradiating

the system with 20 W UV light at 365 nm, which was used

at a distance of 100 mm from the solution in a dark box. The

counter electrode was artificial graphite (TCK, Korea), for

which the dimensions were 9.95 mm×39.5 mm×5.95 mm.

The same CNT/TiO
2
 electrode was placed in 50 mL of

1.0 ×10-5 mol/L dye solution. The PEC degradation of dyes

Fig. 1. Chemical structure of dyes :(a) MB, (b) Rh.B, and (c)
MO.
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was performed with voltage of 6.0 V and UV light. The PEC

activities of the CNT/TiO
2 
electrodes were investigated using

the PEC rate of dyes, which was measured as a function of

time. We also measured the variation of the IR spectra and

pH value of dye solutions during the PEC degradation.

3. Results and Discussion

3.1. Structure and morphology of CNT/TiO
2
 composites

Nitrogen adsorption isotherm and pore size distributions

for pristine CNT and CNT/TiO
2
 composite are shown in Fig.

2 and Fig. 3. Fig. 2 shows an idealized form of the adsorption

isotherm for physisorption on CNT/TiO
2
 composite. The for-

mation of type II (classified with an IUPAC) adsorption iso-

therm confirmed a mixed micro-and mesoporous texture.

The value of BET surface area of CNT/TiO
2 

composite is

shown in Table 1. As seen in the results of Table 1, the BET

surface area of pristine CNT was 232.17 m2/g, while the BET

surface area of CNT/TiO
2 
composite decreased to 198.38 m2/

g; this demonstrated that there is a decrease in the BET sur-

face area of the CNT/TiO
2 
composite after formation of TiO

2

particles by TNB treatment, which suggests that some

porosity was developed during the heat treatment. However,

the micropore volume of the CNT/TiO
2
 composite increased

inconspicuously. The average pore size of pristine CNT and

CNT/TiO
2
 composite was 9.48 and 7.96 nm, respectively. It

was considered that the composite is for the most part nano

materials, including a lot of micro-pores. It was considered

that there are two aspect reasons. First, this could be attrib-

uted to the part blocking of micropores by the formation of

TiO
2
 on the CNT surface with the heat treatment. Second,

the BET surface area decreased due to the curing of polymer

resin with heat treatment, which blocked the micropores

and formed some new mesopores. It was possible that the

phenol resin had coated some CNT particles to form some

larger composite particles during the curing process. The

same phenomena could be easily confirmed by the SEM mor-

phology of the CNT/TiO
2
 composite. In addition, as shown in

Fig. 3, there were two peaks formed around 1 nm and 11 nm

for the sample of pristine CNT and CNT/TiO
2
 composites,

respectively. Moreover, the intensity of these peaks became

significantly weak with the introduction of TiO
2
. This result

indicated that the total surface area decreased in the process

of TiO
2 
formation on the CNT surface. As expected, the BET

surface area is thought to decrease due to the blocking of the

micropores by surface complexes introduced through the for-

mation of CNT/TiO
2
 composite. 

The XRD result for the catalyst sample is shown in Fig. 4.

Diffraction peaks corresponding to anatase and rutile

phases have been marked with ‘A’ and ‘R’, respectively.

The structure of the CNT/TiO
2 
electrode showed a mixing of

anatase and rutile crystals. It is well known that the crystal

structure of the titanium dioxide is mainly determined by

the heat treated temperature. The sample was heated at

973 K for 1 h. The peaks at 25.3, 37.8, 48.0 and 62.5 are the

diffractions of (101), (004), (200) and (204) planes of anatase,

indicating that the developed CNT/TiO
2
 composite existed

in anatase state. The peaks at 27.4, 36.1, 41.2 and 54.3

belong to the diffraction peaks of (110), (101), (111) and

(211) of rutile. Therefore, it can be concluded that the devel-

oped CNT/TiO
2 
composite had a mixing structure of anatase

and rutile crystals. As we know, the anatase phase formed

below 773 K starts to transform to a rutile-type structure

above 873 K and changed into a single phase of rutile at

Table 1. Textural Properties of Original MWCNT and CNT/
TiO

2
 Composite Samples

Sample

Parameter

SBET (m2/g)
Micropore

Volume (cm3/g)
Average Pore 

Diameter (nm)

Original 
MWCNT

232.17 0.5504 9.48

CNT/TiO
2

198.38 0.5942 7.96

Fig. 2. Adsorption isotherm of N
2
 at 77 K on the CNT/TiO

2

composite.

Fig. 3. Comparison of pore size distribution for the pristine
CNT and CNT/TiO

2 
composite.
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973 K~1173 K.26) The result is in accordance with refer-

ence,27) so the XRD results of the CNT/TiO
2 
electrode in this

study are reasonable.

The micro-surface structures and morphology of CNT/

TiO
2
 composite were characterized by FESEM. Fig. 5 shows

the changes in the morphology of the CNT/TiO
2
 composite.

As shown in Fig. 5(a), TiO
2
 particles were fixed on the sur-

face of the CNT network in the forms of small clusters, and

the distribution was not uniform. These results are as well

confirmed by FESEM inspection of CNT/TiO
2
 composite,

which can be seen clearly in Fig. 5(b). According to Wang’s

reports,28,29) a good dispersion of small particles could pro-

vide more reactive sites for the reactants than could the

aggregated particles; in this study, CNT introduced into

TiO
2
 can prevent TiO

2
 particles from agglomerating. There-

fore, the higher decomposition activity of the CNT/TiO
2

composite prepared might be attributed to photodegrada-

tion. At the same time, the conductivity of the CNT network

can facilitate the electron transfer between the adsorbed

dye molecules and the catalyst substrate;30,31) this was bene-

ficial for the PEC reaction because the PEC reaction is car-

ried out on the surface of the CNT/TiO
2
 composite catalyst

and the CNT network. So the CNT/TiO
2
 composite would

show excellent PEC activity.

Fig. 4. XRD patterns of CNT/TiO
2
 composite.

Fig. 5. FE-SEM images obtained from powdered CNT/TiO
2

composite.

Fig. 6. EDX elemental microanalysis of CNT/TiO
2
 composite.
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Fig. 6 shows the EDX spectrum of the prepared CNT/TiO
2

composite. From the EDX data, the main elements such as

C, O and Ti existed and other impure elements also existed.

The percentages of C, O and Ti elements are 53.4%, 23.0%

and 21.7%, respectively, while the percentage of impurity is

only 1.9%. It is consider that the impurity was derived from

the CNT (used without further purification) and that its

content was very small. 

3.2. PEC activities

Fig. 7 shows the UV/VIS spectra for degradation of differ-

ent dyes as a function of radiation time by the CNT/TiO
2

electrode. As shown in Fig. 7, the absorbance maxima for all

samples decreased with an increase of UV irradiation time.

This can indicate that the color of dye solutions is gradually

removed; thus the concentration of dye solutions is also

gradually decreased. From Fig. 7 (a), (b), (c), we can also

observe that the absorbance maxima of MB is much more

decreased than that of RH.B and MO for the same irradia-

tion time. We can consider that there was better PEC degra-

dation of MB solution than that of the RH.B and MO. It can

be evidently indicated that optimized degradation condi-

tions for different dyes are different. In this condition, the

efficiency of PEC oxidation for MB is higher than that of

RH.B and MO. Fig. 8 shows changes in relative concentra-

tion (c/c
0
) of dyes in the aqueous solutions on time of UV

irradiation with the CNT/TiO
2
 composite electrode. From

the result between c/c
0
 and time, it was distinctly observed

that the decaying speed of relative concentration for MB is

faster than that of RH.B and MO.

A comparison of variation of the IR spectra for the differ-

ent dyes under UV irradiation with electron current is

shown in Fig. 9 and Table 2. The C=C/C=N stretching fre-

quencies observed are at 1641, 1652, and 1688 cm-1 in MB,

RH.B, and MO, respectively.32,33) The intensities of these

peaks decline with the increase of time. Moreover, the peaks

at 3100~3500 cm-1 for three kinds of dyes indicate the pres-

ence of OH, NH, and CH stretching in alkyl or aryl, which

become broad and weak with the increase of time. After 60

min under PEC system, the bands near 3400 and 1650 cm-1

Fig. 7. UV/Vis spectra of dyes concentration against CNT/
TiO

2 
composite as time function.

Fig. 8. Dependence of relative concentration (c/c
0
) of dyes in

the aqueous solution on time with PEC reaction.
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disappear or shrink. It can be concluded that the intensities

of the main peaks decreased due to decomposition of dyes by

PEC reaction. Almost all cases decreased with time func-

tion. As shown in the Fig. 9(a), the peak at 2123 cm-1 for MB

is attributed to the stretching and bending of the N−

H=O group.34-36) Noteworthy is that the intensity of the

peak increased due to decomposition of dyes by PEC reac-

tion with time function and the peak become broad after

60 min. This indicates that the strength of the intra-molecu-

lar hydrogen bonding increases gradually with time func-

tion, and, after 60 min, the rate of increase become slow.

From the present results in Fig. 8(b), a similar result of the

degradation of RH.B was observed at the peak 2128 cm-1.

However, for the degradation of MO, we could not find the

same result at the peak at 2129 cm-1; the intensity of the

peak changed slightly by PEC reaction with time function.

Monitoring of the pH variation can test the dye degrada-

tion on time in another profile; Fig. 10 shows the pH varia-

tion of dyes in the aqueous solution on time with the PEC

reaction. It is clear that the change trends of pH value for

different dyes of decomposed solution are different. In par-

ticular, the MB solution rapidly decomposed to acidic spe-

cies, so the MB degrading rate is more rapid than that of

RH.B and MO. Due to the absence of data identifying the

different product molecules in solution, it is difficult to pro-

Fig. 9. FT-IR spectra of dyes in the aqueous solution on time
with PEC reaction.

Table 2. Main FT-IR Spectrum Bands Assignments

Wavenumber(cm-1)
Assignments

MB RH.B MO

675 675
Broad band

650-795

O-H in OH groups, 
lower shift due to 
hydrogen bonds

1641 1652 1688 C=C/C=N 

2123 2128 2129
N−H=O stretching and 
bending intra-molecu-
lar hydrogen bonding

Broad band
3100-3500

Broad band
3100-3500

Broad band
3100-3600

OH, NH, CH stretch-
ing in alkyl or aryl

Fig. 10. pH variation of dyes in the aqueous solution on time
with PEC reaction.
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vide a definitive answer for one kind of dye decomposition

process. However, it is more likely that a range of degrada-

tion products exist and that the degradation products and

pathways are not identical. Experiments are being per-

formed to further elucidate this aspect of the work.

3.3. Degradation mechanism analysis

The experimental results presented and analyzed above

are indicative of the great potential of the CNT/TiO
2
 compos-

ite electrode for PEC applications. The proposed degradation

processes can be expressed by the following equations21,37-39)

(1)

(2)

(3)

(4)

(5)

(6)

(I : adsorption site)

(8)

under UV illumination. The excited high-energy states of

e/h+ pairs are formed in TiO
2 
particles (equation (1)). Part of

these pairs recombine in the bulk of the semiconductor

(equation (2)), while the rest migrate to the surface of parti-

cles. An electron can be transferred from TiO
2
 to CNT

(equation (3)-(4)). As more electrons are transferred from

TiO
2
 to CNT, the e/h+ recombination is reduced further, and

more oxygen reacts with electrons in CNT to yield excited

HO• radicals. 

Since OH- and H
2
O are the most abundant adsorbates, it is

likely that holes will react with these species, and then form

HO• radicals
 
(equation (5)-(6)), which possess high oxidative

potential; they can oxidize most organic pollutants into inor-

ganic materials. These extremely powerful oxidizing agents

can nonselectively attack the adsorbed organic molecules or

those close to the catalyst surface, thus resulting in their

mineralization. Obviously, the holes are removed via their

reaction with dye in the solution, which occurs only at those

TiO
2
/solution interfaces that are accessible by the dye mole-

cules; this process can also be affected by mass transfer to

(dye) and from (dye oxidation product) the interface. The PC

reaction occurs while both HO• radical and dye molecule are

adsorbed (equation (7)-(8)). According to this mechanistic

approach, the dye molecule decomposed into some aliphatic

compounds, resulting in their mineralization.

On the other hand, the electrons from the photon-induced

electron-hole separation process must also be removed from

the TiO
2
 phase in the absence of potential; this removal can

be achieved via an oxidant, e.g. adsorbed oxygen molecules

from the solution. In the CNT/TiO
2
 composite electrode,

electrons are transferred from the TiO
2
 phase (low electron

conductivity) to the carbon phase (high electron conductiv-

ity). This process must overcome the interfacial resistance,

which is largely fixed by the properties of the two solid

phases. Furthermore, the presence of an electronic conduc-

tor (CNT) dispersed through the TiO
2
 phase allows a local

potential difference across the TiO
2
 phase to be developed

throughout the sample, resulting in more effective e/h+ sepa-

ration within the entire sample.

4. Conclusion

 In this study, we present the fabrication and character-

ization of a CNT/TiO
2
 composite electrode. The effect of PEC

degradation for different dyes with the CNT/TiO
2
 electrode

was also studied. The N
2
 adsorption data showed that the

composite had decreased surface area compared with the

pristine CNT. XRD data revealed that the structure for the

CNT/TiO
2
 composite

 
showed a mixing of anatase and rutile

phases. The FESEM microphotographs of the CNT/TiO
2

composite showed that TiO
2
 particles were fixed on the sur-

face of the CNT network in the forms of small clusters, and

that the distribution was not uniform. From the EDX data,

the main elements such as C, O, and Ti existed. The cata-

lytic efficiency of the prepared electrode was evaluated by

the PEC reaction of three dyes. The variations of the FT-IR

spectra and pH value of dye solutions were measured dur-

ing the PEC degradation; it can be concluded that the CNT/

TiO
2 
electrode has better PEC degradation for MB solution

than that of RH.B and MO, and that the degradation prod-

ucts and pathways are not identical. 
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