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a b s t r a c t 

Visible light-sensitive carbon doped titanium dioxide (C-TiO 2 ) was prepared by grinding anatase TiO 2 with

anhydrous D - glucose solution as carbon source followed by calcination. The catalysts were characterized by

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), BET surface area measurements, scanning

electron microscopy (SEM), diffuse reflectance spectroscopy (DRS), FTIR analysis and photoluminescence

(PL) techniques. The results confirmed the interstitial incorporation of carbon atoms in the TiO 2 lattice via

O Ti C and Ti O C surface states. The calculation of valence band (VB) edge position of C-TiO 2

by using electronegativity values shows cathodic shift with increase in the carbon concentration and this

renders high oxidative power for photogenerated holes. The observed new electronic state above the VB

edge was responsible for the electronic origin of band gap narrowing and visible light photoactivity of C-

TiO 2 . The carbon atom was also present as carbonaceous species on the surface which acts as sensitizer. The

photocatalytic activity of C-TiO 2 was evaluated for the degradation of 4-chlorophenol under both UV and

solar irradiation. The undoped TiO 2 showed better activity under UV light whereas C-TiO 2 showed higher

photocatalytic activity under visible light. The pretreatment of C-TiO 2 with UV light reduced the visible light

activity due to the removal of surface carbonaceous species. The synergistic effect of surface carbonaceous

species along with interstitial carbon is discussed in detail and accounted for visible light activity. 
c © 2014 Elsevier Ltd. All rights reserved.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Titania has been regarded as the most promising photocatalyst

due to its ability to completely mineralize the pollutants without

other derivative chemicals. TiO 2 has attracted much attention due to

unique optical and electronic properties which makes it suitable for

the oxidation of organic pollutants [ 1 ]. The band gap excitation of

titania under UV light promotes the transfer of electron from valence

band (VB) to conduction band (CB). The photogenerated electrons

and holes may take part in subsequent redox reactions with various

ions / molecules adsorbed on the photocatalyst surface. The large band

gap of TiO 2 (3.2 eV) and high degree of charge carrier recombination

impair its practical applications under natural solar light [ 2 , 3 ]. The

effective approach to tackle this challenge is to dope or co-dope TiO 2

with nonmetal elements such as C, N, S, I, B, P and F to extend the light

absorbance of TiO 2 into visible region [ 4 –6 ]. Among these dopants,

carbon has received prominent importance. The visible light absorp-

tion in nonmetal doped titania is attributed to the incorporation of

non-metal ion into TiO 2 lattice (i.e., doping) and also to the formation
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of chromophoric complexes at the surface (i.e., sensitization) formed

by non-metal dopant source. Kisch et al. reported surface modification

and interfacial sensitization mechanism by calcining TiO 2 in presence

of urea [ 7 ]. Based on First Principle Calculations, it was shown that

the carbon atom could replace either oxygen or titanium in the titania

lattice depending on the concentration of oxygen present during the

preparation process [ 8 ]. The carbon doping facilitates charge transfer

process from bulk TiO 2 to the surface region via improving the extent

of adsorption of organic pollutant molecules on the catalyst surface

and increasing the conductivity of titania [ 9 ]. The formal oxidation

state of carbon dopant ranges from −4 (carbides with Ti C bond) to

+ 4 (carbonates with C O bond) [ 8 ]. In the present work, we report

the synthesis of carbon doped TiO 2 (C-TiO 2 ), and its photocatalytic

activity was evaluated for the decomposition of 4-CP under UV / solar

light irradiation. 

Experimental 

Materials 

The TiCl 4 ≥99.9% was obtained from Merck Chemicals, while anhy-

drous D-glucose (C 6 H 12 O 6 ) and 4-chlorophenol (4-CP) were supplied

from SD Fine Chemicals, Bombay. 

http://dx.doi.org/10.1016/j.jece.2014.02.016
http://www.sciencedirect.com/science/journal/22133437
http://www.elsevier.com/locate/jece
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.jece.2014.02.016&domain=pdf
mailto:gomatidevi$_$naik@yahoo.co.in
http://dx.doi.org/10.1016/j.jece.2014.02.016
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atalyst preparation 

Anatase form of TiO 2 was synthesized by sol-gel route through 

he hydrolysis of TiCl 4 [ 10 ]. In a typical procedure, 25 mL of diluted 

iCl 4 (100 mL of concentrated TiCl 4 was diluted to 1 L) with 1 mL 

oncentrated H 2 SO 4 was taken in a beaker and diluted to1 L. The 

olution pH was increased to 7–8 by the addition of liquor ammonia. 

he titanium hydroxide gel obtained is washed several times with 

ouble distilled water to make it free from chloride and ammonium 

ons. The gel was filtered, dried in an oven to remove adsorbed water 

olecules and then ground to a fine powder and it was calcined at 

00 ◦C for 6 h. For the preparation of 0.04 wt% C-TiO 2 , 0.00902 g of 

nhydrous D-glucose was dissolved in 25 mL double distilled water. 

hen, 2.5 mL of this solution is added to 1 g of TiO 2 and this mixture 

as ground in a pestle and mortar. The process of grinding is repeated 

or four times and the powder is finally calcined at 200 ◦C for 1 h to 

et C-TiO 2 . Similar method was adopted for the preparation of C-TiO 2 

ith various dopant concentrations. The samples with 0.06, 0.08 and 

.1 wt% were abbreviated as C-TiO 2 (0.06 wt%), C-TiO 2 (0.08 wt%) 

nd C-TiO 2 (0.1 wt%) respectively. With increase in the calcination 

emperature from 250 to 400 ◦C, the color of the samples turned 

hite implicating the complete removal of carbon from TiO 2 lattice 

 11 ]. In order to confirm the role of surface carbon, the prepared C- 

iO 2 sample was subjected to UV illumination for 1 h. The color of 

he C-TiO 2 changed from dark brown to light brown suggesting the 

limination of only surface carbon under UV illumination and this 

atalyst is abbreviated as UV pretreated C-TiO 2 samples. 

atalyst characterization 

The powder X-ray diffraction (PXRD) patterns were obtained us- 

ng Bruker D8 Advanced diffractometer, which was operated at 30 

V and 20 mA using Cu K α with nickel filter. The scan rate was 

aried from 2 ◦ to 0.5 ◦/ min to get X-ray diffraction line broaden- 

ng. The Fourier transform infra red (FTIR) spectra were obtained 

sing Bruker model Alpha–P IR spectrometer with diamond ATR cell. 

he X-ray photoelectron spectroscopy (XPS) measurements were car- 

ied out using AXIS ULTRA from AXIS 165, integrated with Kratos 

atented magnetic immersion lens along with charge neutralization 

ystem and spherical mirror analyzer. All binding energies were cali- 

rated with respect to the carbon 1s peak at 284.8 eV. The diffuse re- 

ectance spectra (DRS) were obtained using UV—vis spectrophotome- 

er (Schimadzu-UV 3101 PC UV–vis-NIR) with BaSO 4 as the reference 

tandard. The absorbance data were transformed into reflectance val- 

es and Kubelka–Munk method is used for the band gap measure- 

ent. The surface morphology was analyzed by scanning electron 

icroscopy (SEM) analysis using JSM840 microscope operating at 25 

V on specimen upon which a thin layer of platinum had been evapo- 

ated. The nitrogen adsorption–desorption isotherms were recorded 

n a Nova Quanta Chrome Corporation 2006 Digisorb analyzer at liq- 

id nitrogen temperature 77 K. The samples were degassed at 200 

C overnight prior to the measurement. The surface area was ob- 

ained by Brunner–Emmet–Teller (BET) method and pore size distri- 

ution was calculated from the adsorption branch of the isotherm by 

he Barret–Joyner–Halenda (BJH) model. The photoluminescence (PL) 

pectra were measured on a Hitachi F-7000 fluorescence spectropho- 

ometer. The reaction intermediates during the course of degradation 

eaction were analyzed from GC–MS technique using Thermo Trace 

C Ultr, MS model Thermo DSQ II with electron impact ionisation and 

he chemical ionisation with mass range 1–1071 m / z . 

hotochemical reactor 

Experiments were carried out at room temperature using a circular 

lass reactor whose surface area is 176.6 cm 

2 , using 125 W medium 

ressure mercury vapor lamp as the UV light source. The photon flux 
was found to be 7.8 mW / cm 

2 by ferrioxalate actinometric method 

[ 12 ]. The emission wavelength falls in the region 350–400 nm, with 

maximum emission at 370 nm. No additional step was taken to elim- 

inate the light of different wavelengths, since this process reduces 

the intensity of light. The irradiation was carried out by directly fo- 

cusing light into the reaction mixture in the open air condition at a 

distance of 29 cm. All the experiments were performed using double 

distilled water. Solar light experiments were performed under sun- 

light directly between 11 a.m. and 2 p.m. when the solar intensity 

fluctuations were minimal and sunrays were not oblique. The experi- 

ments were conducted in the month of April–May at Bangalore, India. 

The latitude and longitude are 12.58 N and 77.38 E respectively. The 

average solar intensity was found to be 0.753 kW / m 

2 (using solar ra- 

diometer). The intensity of the solar light was concentrated by using 

a convex lens and the reaction mixture was exposed to this concen- 

trated sunlight. The solar radiation as a function of wavelength was 

measured by photometer, which shows a maximum at 450 nm. To 

compare the photocatalytic activity of all the catalysts, experiments 

were simultaneously conducted to avoid the error arising due to the 

fluctuations in solar intensity. A typical experiment contains 60 mg of 

photocatalyst dispersed in 250 mL of 10 ppm 4-CP solution. The reac- 

tion mixture was stirred vigorously using magnetic stirrer for entire 

time span of the experiment. Prior to irradiation, the reaction mix- 

ture was stirred for 30 min to ensure the establishment of adsorption / 
desorption equilibrium. The extent of adsorption is found from the 

equation; Q = ( C 0 – C ) V / W , where Q is the extent of adsorption, C 0 and

C are the concentrations before and after adsorption, V is the volume 

of the reaction mixture and W is the amount of catalyst present in 

grams. The unit of Q is ppm mL mg −1 . Thirty minutes time period is 

selected as time to achieve a steady state adsorption level for 4-CP. 

The extent of adsorption did not change for prolonged time period. 

The 5 mL aliquots were collected from the suspension at definite time 

intervals and immediately centrifuged and filtered through 0.45 μm 

Millipore filter to remove the catalyst particles for spectrophotomet- 

ric analysis. The residual concentration of 4-CP was determined by 

UV–vis spectrophotometer. A blank experiment containing only the 

pollutant 4-CP in the absence of photocatalyst under UV illumina- 

tion was performed in order to determine the contribution of direct 

photolysis. The experimental results confirmed the absence of con- 

tribution from direct photolysis. 

Results and discussion 

PXRD studies 

The TiO 2 was obtained by sol–gel technique in the present study. 
Anatase phase was found to be stable up to 600 ◦C, but further rise in 

temperature to 700 ◦C rutile phase formation takes place. During the 
calcination process around 450 ◦C the water content in the sample 
is completely eliminated and the crystallinity of the sample sets in 

and stabilizes in the temperature range of 450–550 ◦C and hence 

the sample was heated to 550–600 ◦C [ 10 ]. The diffraction peaks for 

TiO 2 and C-TiO 2 (with various carbon dopant concentrations) and the 

sample heat treated at 200 ◦C confirmed the anatase polymorph ( Fig. 
1 ). The average crystallite size was estimated based on broadening 

of (1 0 1) peak using the Scherrer ’ s equation (1) and lattice strain ( ε) 

was calculated from Eq. (2) . 

D = 

kλ

β cos θ
(1) 

ε = 

β

4 tan θ
(2) 

where λ is the wavelength of Cu K α source used, β is full width at 

half maximum (FWHM) of (1 0 1) diffraction plane, k is a shape factor 

(0.94) and θ is angle of diffraction. The X-ray diffraction peaks of 

crystal planes (2 0 0) and (2 0 4) of anatase were selected to determine 
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Fig. 1. XRD patterns of TiO 2 and C-TiO 2 photocatalysts with various dopant concen- 

trations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 

PXRD details of TiO 2 and C-TiO 2 photocatalyst. 

Photocatalyst 

Crystallite 

size (nm) 

Lattice 

parameters 

( ̊A) 

Cell volume 

( ̊A 3 ) 

Lattice strain 

(10 −3 ) 

TiO 2 18.87 a = b = 

3.7770, 

c = 9.4213 

134.40 9.2603 

C-TiO 2 
(0.04 wt%) 

17.38 a = b = 

3.7773, 

c = 9.4427 

134.72 10.1038 

C-TiO 2 
(0.06 wt%) 

16.29 a = b = 

3.7802, 

c = 9.4640 

135.23 10.7729 

C-TiO 2 
(0.08 wt%) 

13.76 a = b = 

3.7847, 

c = 9.4892 

135.92 12.7794 

C-TiO 2 (0.1 

wt%) 

12.41 a = b = 

3.7922, 

c = 9.5100 

136.76 14.1077 
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lattice parameters of doped samples using ( Eqs. (3) and (4) ): 

d h k l = 
λ

2 sin θ
(3)

1 

d 2 h k l 

= 

h 2 

a 2 
+ 

k 2 

b 2 
+ 

l 2 

c 2 
(4)

d h k l is the distance between crystal planes of ( h k l ), λ is X-ray wave-

length, θ is diffraction angle of crystal plane ( h k l ) and a , b , c are

the lattice parameters. The calculated values of crystallite size, lattice

parameters, cell volume and lattice strain for TiO 2 and C-TiO 2 sam-

ples are given in Table 1 . It could be observed that incorporation of

carbon atoms inhibits the crystal growth of TiO 2 . The crystallite size

decreased with increase in carbon dopant concentration and it was

found to be 12.14 nm for C-TiO 2 (0.1 wt%). Cell volume and lattice

strain increase with an increase in carbon concentration. 

XPS studies 

The chemical state of carbon dopant in C-TiO 2 (0.04 wt%) sample

was analyzed by XPS technique and it confirms the presence of only

Ti, O and C atoms (Fig. S1). The binding energy (BE) peak values of Ti

2p 3 / 2 and Ti 2p 1 / 2 of TiO 2 were observed at 459.50 eV and 465.35 eV

respectively ( Fig. 2 a). These peaks were found at 459.35 eV and 465.31

eV for C-TiO 2 (0.04 wt%). A small positive shift of binding energy of

Ti 2p for the doped samples by 0.15 eV in comparison with TiO 2 is

predicted due to the presence of interstitial carbon in TiO 2 lattice and

it could be specifically accounted for the decrease of electron cloud

density around Ti 4 + ion upon carbon doping. The XPS spectra of the
O1s region consist of three peaks ( Fig. 2 b). The peak located at 530 eV

is related to oxygen bonded to Ti as Ti O and other small intensity

peak at 531 eV can be assigned to the surface adsorbed hydroxyl

groups / water molecules [ 13 , 14 ]. The low intensity peaks at ̃  532.9

and ̃ 533 eV can be assigned to the oxygen in the Ti O C bond [ 15 ].

The BE peaks corresponding to C 1s of C-TiO 2 were observed at 285.4,

 286, ̃ 287.4 and 289 eV ( Fig. 2 c). The low intensity BE peaks at 286,

287.4 and 289 indicate the presence of C O, C O and interstitial

carbon in the TiO 2 lattice respectively [ 14 , 16 ]. The carbon atom being

bonded to two electronegative oxygen atoms, experiences more of

its electron density pulled towards the oxygen atoms. The BE peak at

289 eV confirms the presence of carbon in the interstitial position into

TiO 2 lattice and further the absence of BE peak at 282 eV confirms the

absence of carbon in substitutional lattice position. The above results

are in accordance with the literature reports obtained from Kisch

et al. showing two kinds of carbonate species with binding energies

of 287.5 and 288.5 eV [ 17 ]. Kim et al. have also reported carbonate

species in their carbon-doped TiO 2 samples at the BE of 288.2 eV

[ 18 ]. These results suggest that the chemical nature of the “carbon

dopant” in TiO 2 lattice at interstitial position and also its presence at

the surface. 

DRS studies 

The results obtained by DRS studies are used to investigate the

electronic band structure of TiO 2 . The band gap energy ( E g ) of each

catalyst was determined by using Kubelka–Munk function. The inter-

cepts of the tangents to the plots of [ F ( R ∞ 

) hv ] 
1 
2 versus photon energy

( hv ) are shown in Fig. 3 . The Kubelka–Munk function F ( R ∞ 

) and pho-

ton energy ( hv ) can be calculated by following ( Eqs. (5)-(7) ) [ 19 , 20 ]: 

F ( R ∞ 

) = 

( 1 − R ∞ 

) 
2 

2 R ∞ 

(5)

R ∞ 

= 10 −A (6)

hv = 

124 0 

λ
(7)

where R ∞ 

is reflection coefficient of the sample, A is absorbance in-

tensity of TiO 2 and λ is absorption wavelength. The undoped TiO 2

shows optical absorption threshold at 393 nm corresponding to band

gap of 3.15 eV and no absorption edge was observed in the visible

region ( Table 2 ). All C-TiO 2 samples showed band gap narrowing

compared to TiO 2 which is attributed to the formation of interstitial

carbon dopant level resulting in the cathodic shift of energy levels.

The extension of absorption in visible region with increase in carbon
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Fig. 2. (a) Ti 2p XPS spectra and inset shows shift of Ti 2p 3 / 2 peak of C-TiO 2 (0.04 wt%) and TiO 2 (b) O 1s XPS spectra of C-TiO 2 (0.04 wt%) and TiO 2 , and (c) C 2p XPS spectra of 

C-TiO 2 (0.04 wt%). 

c

b

[

d

r

o

C

c

b

t

u

m

f

χ

w

a

o

E

Fig. 3. UV–vis diffuse reflectance spectra of TiO 2 and C-TiO 2 photocatalysts. The inset 

shows plots of [ F ( R ∞ ) hv ] 
1 
2 versus photon energy ( hv ) for TiO 2 and C-TiO 2 photocata- 

lysts. 
ontent was due to the formation of chemical bonding between car- 

on and titanium or oxygen through O Ti C and Ti O C bonds 

 21 ]. The band gap energy was reduced from 3.15 to 2.83 eV for high 

opant concentration (0.1 wt%). The absorption tailing in the visible 

egion can also be attributed to the existence of carbonaceous species 

n the titania surface. 

alculations of VB edge positions of C-TiO 2 

The ability of a semiconductor to transfer the photogenerated 

harge carriers to species adsorbed on its surface is governed by the 

and edge positions of semiconductor and the redox potentials of 

he adsorbate, which in turn is related to their electronegativity val- 

es [ 22 ]. The semiconductor electronegativity is defined as geometric 

ean of electronegativities of the constituent atoms is explained as 

ollows: 

= 

N 
√ 

χn 
1 χ

s 
1 .......χ

p 
n −1 χ

q 
n (8) 

here χ is total electronegativity value of the semiconductor. χn , n 

nd N are the electronegativity of the constituent atom, the number 

f species and total number of atoms in the compound, respectively. 

lectronegativity is of great significance in band gap structure which 
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Table 2 

Summary of calculated conduction band edge position, extension of valence band position on doping and band gap energy values for TiO 2 and C-TiO 2 photocatalysts. 

Photocatalyst 

Calculated conduction band position 

(eV) 

Calculated valence band position (eV) Band gap energy (eV) 

TiO 2 −0.235 2.915 3.15 

C-TiO 2 (0.04 wt%) −0.235 2.705 2.95 

C-TiO 2 (0.06 wt%) −0.235 2.684 2.93 

C-TiO 2 (0.08 wt%) −0.235 2.625 2.86 

C-TiO 2 (0.1 wt%) −0.235 2.595 2.83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. FTIR spectra of TiO 2 and C-TiO 2 photocatalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

determines the relative positions of impurity levels induced by dop-

ing and influences the optical absorption and photocatalytic activity

of TiO 2 . The impurity states move further away from the VB with

the increment of electronegativity difference between substituted el-

ement and oxygen [ 23 ]. The band edge positions of CB and VB of all

the semiconductor samples were determined in the following way: 

E 

0 
C B = χ − E 

e − 1 

2 
E g (9)

The E 0 in the above equation refers to the position of CB edge of TiO 2

at the isoelectric point (when TiO 2 is amphoteric), while E e refers to

the energy of free electron with respect to the standard hydrogen

scale ( ̃ 4.5 eV) [ 24 ]. The absolute electronegativity χ = 5.84 eV for

TiO 2 is calculated from Eq. (8) , while E g is the band gap energy of

the semiconductor calculated from Kubelka–Munk function. The CB

edge position of all the samples remains the same irrespective of the

carbon dopant concentration, whereas the VB edge position varies

with dopant concentration. The calculated band edge positions of

TiO 2 and C–TiO 2 samples are listed in Table 2 . Thus, the band edge

position of VB for C-TiO 2 can be calculated by the difference between

the calculated values of CB edge position of TiO 2 and indirect band

gap of C-TiO 2 . 

FTIR studies 

The FTIR studies revealed a broad peak around 3400 cm 

−1 and a

sharp peak at 1630 cm 

−1 originating from surface absorbed water and

hydroxyl groups which are invariantly present on the surface of tran-

sition metal oxides ( Fig. 4 ) and conventionally considered as an im-

portant factor in affecting surface properties of the metal oxide [ 25 ].

The spectrum shows a relatively strong band at 1630 cm 

−1 attributed

to H O H bending vibration of chemisorbed / physisorbed H 2 O

molecule on the both TiO 2 and C-TiO 2 surface. The peak intensity

around 3200 cm 

−1 decreases for C-TiO 2 (0.04 wt%) sample compared

to TiO 2 as the surface carbonaceous species changes the surface na-

ture of TiO 2 . The intensity of 1630 cm 

−1 peak is almost similar for all

the doped samples up to C-TiO 2 (0.08 wt%) as the surface is covered

by dominant carbonaceous species and the concentration of adsorbed

water or hydroxyl groups vary accordingly. Quantitative estimation

of surface hydroxyl groups based on the IR peak intensities is rather

speculative at times. In addition, existence of surface carbonaceous

species was identified from a distinct peak at 1423 cm 

−1 . The peaks

around the region 660 cm 

−1 may be attributed to C H (bending vi-

brations), C C, and C O functional groups [ 26 ]. The IR bands in the

region 400–1000 cm 

−1 are highly sensitive to changes in Ti O Ti

bond environment. The characteristic peaks around 420 and 600 cm 

−1

are assigned for Ti O bond stretching vibration of TiO 2 . Stretching

of Ti O Ti bonds may give rise to absorption bands between 500

and 900 cm 

−1 and the stretching of terminal Ti O bonds in TiO 2

clusters is observed between 990 and 1033 cm 

−1 [ 26 ]. 
SEM analysis 

The SEM images show significant differences in surface morphol-

ogy between the pure TiO 2 and C-TiO 2 samples ( Fig. 5 ). The morphol-

ogy of all the C-TiO 2 samples was almost similar and hence SEM image

of C-TiO 2 (0.04 wt%) alone is given. The morphology of C-TiO 2 shows a

multisphere-like structure. The observed decrease in the particle size

contributes to the increase in the surface area of the doped samples. 

BET studies 

The nitrogen adsorption—desorption isotherm and the inset of

the figure shows the pore size distribution curve of TiO 2 and C-TiO 2

samples ( Fig. 6 ). The pore size distribution was calculated from des-

orption branch of a nitrogen isotherm by the BJH method. All samples

exhibited typically characteristic mesoporous structure, which was

confirmed by N 2 gas sorption which shows type − lV adsorption

isotherm with an elongated S-type hysteresis loop. The occurrence

of hysteresis due to capillary condensation is observed at relatively

low pressure for the doped samples compared to pristine TiO 2 . The

hysteresis nature implies that the doped samples have a mesoporous

structure with a narrow pore size distribution at the top and with a

wider size at the bottom. The degree of agglomeration (DA) can be

calculated by using BET data with the following formula [ 27 ]; 

DA = 
D BET 

D XRD 
(10)

D BET is the average particle size in nanometer calculated from BET

surface area and D XRD is the XRD crystallite size as obtained from the

Scherrer ’ s equation data respectively. The approximate D BET value

is calculated from Eq. (10) assuming that all particles to have same

spherical shape and size, the shape factor for a sphere is assumed as
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Fig. 5. SEM images of TiO 2 (top) and C-TiO 2 (0.04 wt%) (bottom) photocatalysts. 

Fig. 6. The N 2 adsorption–desorption isotherms of TiO 2 and C-TiO 2 photocatalysts. The 

figure inset shows BJH pore size distribution curve of TiO 2 and C-TiO 2 photocatalysts. 

6  

ρ

000 and the value of D BET is calculated in the following way: [ 27 , 28 ]

D BET = 
6000 

ρ × BET surface area 
(11) 

= ZM / VN A = 3.89 g / cm 

3 , where ρ is the density of anatase phase, 
Z is the number of formula units per unit cell (for TiO 2, Z = 2), M is 

the formula weight in the unit cell (for TiO 2, M = 159.76 g / mol), V is 

the cell volume of TiO 2 (134.40 × 10 −23 cm 

3 ), and N A is Avogadro 

number (6.022 × 10 23 mol −1 ). DA influences many factors includ- 

ing adsorption of molecules, light scattering and photon absorption, 

charge carrier dynamics, etc. The DA is very low for all the C-TiO 2 sam- 

ples due to the stabilization provided by the surface charges induced 

by carbonaceous species [ 29 ]. The values of various parameters such 

as BET surface area, pore diameter, pore volume, particle size and the 

extent of DA of all the samples are summarized in Table 3 . It can be 

seen that the values of BET surface area and pore volume of C-TiO 2 

samples are higher than undoped TiO 2 . The carbon gets substituted 

at interstitial sites and it is also distributed on the surface of titania. 

The doped carbon atoms segregate near the grain boundaries and it 

inhibits the grain growth by providing a barrier between the titania 

particles and restricts their direct contact [ 30 ]. On the other hand, 

surface carbon prevents the aggregation of titania by avoiding the 

interparticle contact. Therefore, both bulk and surface carbon play a 

dominant role in suppressing the growth of titania. 

PL studies of TiO 2 and C-TiO 2 samples 

The fundamental information regarding energy levels lying within 

the band gap states can be obtained from PL technique. The PL emis- 

sion spectrum is used to study the efficiency of charge carrier trapping, 

their migration and also the fate of photogenerated electron–hole 

pairs in the semiconductors [ 31 –34 ]. The PL emission is obtained as a 

result of recombination of excited electron-hole pair and hence lower 

PL intensity indicates efficient charge carrier separation [ 35 , 36 ]. The 

intense peak observed at 382 nm is assigned to the band edge lumi- 

nescence of all the samples ( Fig. 7 ), while peaks in the visible region 

arise from recombination at dopant levels and oxygen vacancies [ 31 –

36 ]. The peak intensity at 382 nm decreases in the following order: 

C-TiO 2 (0.1 wt%) > C-TiO 2 (0.08 wt%) ̃  TiO 2 > C-TiO 2 (0.06 wt%) 

> C-TiO 2 (0.04 wt%). These results show that there is an optimum 

dopant concentration within the titania lattice to facilitate effective 

interfacial charge transfer process. At higher dopant concentration, 

dopant level may act as recombination centers. The PL emission peak 

at 507 nm could be assigned to charge transfer from Ti 3 + state to 

the oxygen vacancy in a TiO 6 
8 − octahedra which is observed only 

in the case of undoped TiO 2 [ 34 ]. The absence of this peak in doped 

samples indicates that the oxygen vacancy formation was suppressed 

by interstitial carbon doping. The peak at 460 nm arises due to the 

charge carrier recombination taking place at dopant levels. It was ob- 

served that C-TiO 2 (0.04 wt%) had the lowest intensity. These results 

suggests optimal level of trap sites induced by the dopants prevents 

the recombination of charge carriers at the bulk, while diminishing of 

surface oxygen vacancies upon doping favors the efficient interfacial 

charge transfer process. 

Effect of dopant concentration 

The photocatalytic activity of the prepared catalysts was evalu- 

ated for the degradation of 4-CP under both UV and solar light. The 

photocatalytic reactivity was estimated by plotting the ratio of resid- 

ual concentration ( C ) to the initial concentration ( C 0 ) of 4-CP as a 

function of irradiation time. The degradation was negligible in the 

absence of catalyst when the solution was irradiated with UV or solar 

light for the time period of 3 h. The reactivity of the catalysts under 

solar light shows the following order: C-TiO 2 (0.04 wt%) > C-TiO 2 

(0.06 wt%) > C-TiO 2 (0.08 wt%) > C-TiO 2 (0.1 wt%) > TiO 2 ( Fig. 8 ), 

which is in agreement with PL studies. The dopant inside the matrix 

can suppress or enhance the recombination depending on its concen- 

tration and its energy level position. The charge carrier trapping at 

low dopant concentration may not be obvious and at high concentra- 

tion they may serve as recombination centers. Thus, optimal dopant 

concentration is necessary to prolong the lifetime of charge carriers. 
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Table 3 

The textural parameters of TiO 2 and C-TiO 2 photocatalysts. 

Photocatalyst BET surface area (m 

2 / g) Pore volume (cm 

3 / g) Pore diameter (nm) 

Particle size in nm 

obtained from BET 

surface area 

Degree of agglomeration 

(DA) 

TiO 2 26.98 1.03 15.27 57.19 3.02 

C-TiO 2 (0.04 wt%) 55.49 2.17 15.70 28.30 1.6 

C-TiO 2 (0.06 wt%) 64.48 2.30 14.30 23.96 1.4 

C-TiO 2 (0.08 wt%) 75.81 2.00 12.30 20.34 1.4 

C-TiO 2 (0.1 wt%) 94.88 2.39 14.50 16.25 1.3 

Table 4 

Kinetic studies under UV / solar light with UV untreated and UV pretreated C-TiO 2 samples. 

Photocatalyst 

UV light 

Solar light 

UV untreated C-TiO 2 

Solar light 

UV pretreated C-TiO 2 

Rate constant in k ×
10 −2 min −1 

Percentage 

degradation 

Rate constant in k ×
10 −2 min −1 

Percentage 

degradation 

Rate constant in k ×
10 −2 min −1 Percentage degradation 

TiO 2 0.3258 46 0.0225 4 − −
C-TiO 2 (0.04 wt%) 0.2931 42 1.5361 97 0.5128 69 

C-TiO 2 (0.06 wt%) 0.1977 36 0.8231 81 0.4427 58 

C-TiO 2 (0.08 wt%) 0.1363 33 0.3258 46 0.2568 39 

C-TiO 2 (0.1 wt%) 0.2284 22 0.1735 28 0.1103 25 

Fig. 7. Photoluminescence spectra of TiO 2 and C-TiO 2 photocatalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Percentage degradation of 4-CP under solar light illumination using TiO 2 and 

C-TiO 2 (with various carbon dopant concentration) photocatalysts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Beyond the optimum dopant concentration, the rate of recombina-

tion starts dominating the reaction in accordance with the following

equation: 

K RR α exp 

(−2 R 

a 0 

)
(12)

where K RR is the rate of recombination, R is the distance separating

the electron and hole pairs, and a 0 is the hydrogenic radius of the

wave function for the charge carrier [ 37 –40 ]. As a consequence, the

recombination rate increases exponentially with the dopant concen-

tration. This is because the average distance between the trap sites

decreases with increasing number of dopant atoms. On the other

hand, the thickness of space charge layer is influenced by the dopant

concentration according to the following equation: 

W = 

(
2 εε 0 V s 

eN d 

)1 / 2 

(13)

where ‘ W ’ is the thickness of space charge layer, ε and ε 0 are the static

dielectric constants of the semiconductor and vacuum respectively,

V s is the surface potential, N d is the number of dopant donor atoms,

and e is the electronic charge. The above equation clearly shows that
W decreases as the dopant concentration increases. In addition, pen-

etration depth ( l ) of the light into the solid is given by l = 1 / a , where

‘a ’ is the light absorption coefficient at a given wavelength. When the

value of W approximates that of l , all the photons absorbed by the

solid catalyst generate electron-hole pairs that are efficiently sepa-

rated. Consequently, the existence of optimum value of N d for which

a space charge region exists whose potential is not less than 0.2 eV and

whose thickness is more or less equal to light penetration depth can

be understood by above equations [ 41 , 42 ]. In the present case, opti-

mum value of N d approximates to that of 0.04 wt%. For higher dopant

concentration ( > 0.04 wt.%), the space charge region may become

narrow and the penetration depth of light into TiO 2 greatly exceeds

the thickness of the space charge layer. The charge carriers thus gen-

erated beyond the space charge region are not under the influence of

electric / potential field and hence recombine rapidly. At high dopant

concentrations, the dopant level itself can act as recombination sites

for the charge carriers evidently decreasing the photocatalytic activ-

ity. 
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Table 5 

Intermediates formed during the degradation reaction at two different time intervals by GC–MS technique. 

Retention time (min) m / z values Intermediates 

Reaction mixture withdrawn at 30 min 

time period 

9.973 127.9 

129.9 ( m + 2) 

100 

73 

65 

50 

39 

4-CP 

11.189 110 

81 

53 

39 

Hydroquinone 

Reaction mixture withdrawn at 120 

min time period 

7.373 108 

82 

54 

37 

Benzoquinone 

11.190 110 

81 

53 

39 

Hydroquinone 

P

C

l

o

p

p

l

l

hotocatalytic activity of TiO 2 and C-TiO 2 photocatalysts 

Fig. 9 (a) and (b) shows the relative concentration changes of 4- 

P with irradiation time for TiO 2 and C-TiO 2 under UV and solar 

ight irradiation. To quantitatively understand the reaction kinetics 

f pollutant degradation, we analyzed the degradation data with the 

seudo-first-order kinetic model, which is generally suited for the 

hotocatalytic degradation, since the initial concentration of the pol- 

utant is low: 

n 

(
C 

C o 

)
= − kt (14) 
where C 0 and C are the concentration of the 4-CP in solution at time 

0 and t respectively and k is the pseudo-first-order rate constant [ 43 ]. 

By plotting ln( C / C 0 ) as a function of irradiation time (Figs. S2 and S3), 

the constant k is calculated from the slopes of the fitted straight lines. 

The experimental data obtained fit well with the pseudo first order 

reaction kinetics. The plots show two different linear stages indicating 

that the photocatalytic degradation follows pseudo first order kinet- 

ics in two stages. The rate constant for the second stage is higher than 

the first stage. In the first stage it is proposed that hydroxyl free radi- 

cals attack the 4-CP molecule showing a moderate rate. In the second 

stage the hydroxyl radicals might attack the intermediate products 
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Fig. 9. (a) Plot of C / C 0 versus time in minutes for the degradation of 4-CP under UV light 

illumination using TiO 2 and C-TiO 2 samples. (b) Plot of C / C 0 versus time in minutes for 

the degradation of 4-CP under visible light illumination using TiO 2 and C-TiO 2 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

formed during the degradation process at a faster rate and hence

shows a higher rate constant. This deviation is higher for TiO 2 and

C-TiO 2 (0.04 wt%) catalysts under UV and solar light respectively. The

observed rate constants for these catalysts in both the linear stages are

high under the respective illuminations. Under UV light all the C-TiO 2

samples showed poor activity compared to TiO 2 . The reactivity of var-

ious catalysts in the presence of UV light shows the following order:

TiO 2 > C-TiO 2 (0.04 wt%) > C-TiO 2 (0.06 wt%) > C-TiO 2 (0.08 wt%) >
C-TiO 2 (0.1 wt%). This poor activity of C-TiO 2 samples was attributed

to the dopant inside the titania matrix serving as recombination cen-

ters under UV light. This is because electron / hole trapped at dopant

sites recombines with mobile counter parts, i.e., trapped hole reacts

with free electron or trapped electron reacts with free holes [ 1 ]. The

origin of photocatalytic activity of C-TiO 2 samples under solar light

irradiation is ascribed to the presence of interstitial carbon doping in

TiO 2 . The calculated values of VB edge positions of C-TiO 2 indicate

that the impurity dopant levels move further away from VB when the

carbon atom is interstitially doped inside TiO 2 lattice via O Ti C

and Ti O C bonds ( Table 2 ). This interior extension of VB within

TiO 2 band gap is due to interstitial carbon doping which enables C-

TiO 2 to show good absorption in the visible region. The XPS studies

confirm that the carbon is present in the interstitial position in the

TiO 2 lattice narrowing of the band gap of C-TiO 2 via O Ti C and

Ti O C bonds. The presence of interstitial carbon improves the de-

gree of separation and also restrains the recombination of photogen-

erated charge carriers in C-TiO 2 , which is conducive in improving the

photocatalytic ability of the catalysts [ 44 , 45 ]. The interstitial carbon

dopant level above the VB renders efficient visible light absorption

while, the poor activity of undoped TiO 2 under solar light is due to

inefficient absorption of visible light energy. The PL intensity of TiO 2

is much higher than C-TiO 2 (0.04 wt%) indicating that carbon doping

can effectively inhibit the recombination of excited electron and hole

which is attributed to the trapping of holes by the water molecules

or surface hydroxyl groups to form hydroxyl free radicals and the

electrons by surface adsorbed oxygen molecules to form superoxide

radicals. The XPS and FTIR results indicate the presence of carbona-

ceous species on TiO 2 surface which may serve as photosensitizer

and facilitate C-TiO 2 to absorb more visible light through the surface

modification [ 46 ]. Under mechanical grinding conditions used here,

it is believed that surface carbonaceous species is present on the TiO 2

surface via Ti O C bonds which is desirable for favorable charge

carrier transfer upon light excitation [ 47 ]. The carbonaceous species

embedded on the TiO 2 matrix leads to the formation of new active

sites, which are also responsible for the observed higher photocat-

alytic activity. Upon visible light irradiation, multiple charge transfer

process can take place; (i) electron transition takes place from dopant

carbon level to CB of titania; (ii) surface carbonaceous species gets

excited and transfers the electron to CB of titania. This is based on

the rationale that, excited energy level of surface carbon is at higher

position than the CB of titania, which thermodynamically favors the

charge transfer pathways. The carbonaceous species on the surface

acts as a photosensitizer for TiO 2 . Alternatively Lettmann et al. have

proposed that after excitation of the photosensitizer, singlet oxygen

is formed by a triplet–triplet energy transfer [ 46 ]. An electron can be

transferred directly from the excited photosensitizer to triplet oxygen

to generate the superoxide radical anion. The singlet oxygen and su-

peroxide radical anion are capable of degrading organic compounds.

The electron transfer rate to oxygen molecules adsorbed on the TiO 2

surface increases the dioxygen reduction with subsequent formation

of free radicals which accelerates the rate of 4-CP degradation [ 48 –

51 ]. 

To further evaluate the potential reactivity of surface carbona-

ceous species as sensitizer, all the C-TiO 2 samples were preirradiated

under UV light ( > 330 nm) for 1 h to eliminate it. The sample after

preirradiation reduced its color from dark brown to light brown im-

plicating the removal of surface carbonaceous species as confirmed by
the absence of peaks at 286 and 287.4 eV in the XPS (data not shown).

Table 4 shows the rate constant values for photocatalytic degrada-

tion of 4-CP under visible light irradiation. Further it can be observed

that all UV pretreated samples showed comparatively lower activity

than UV untreated C-TiO 2 samples ( Fig. 10 ). The lower activity of UV

pretreated samples is attributed to the removal of surface carbon on

the TiO 2 lattice which eliminated the photosensitization process. UV

light pretreatment removes the surface carbonaceous species by the

oxidation reaction of carbon to carbon dioxide [ 10 ]. But these samples

still showed better activity under visible light irradiation compared

to TiO 2 samples due to the excitation of electrons from the impurity

levels induced by carbon doping indicating that UV pretreatment re-

moved only the surface carbonaceous species and not the interstitial

carbon inside the TiO 2 lattice. From these results, we observe that

the enhanced activity of the UV untreated C-TiO 2 samples is due to

the synergistic effects of both interstitial carbon and surface carbona-

ceous species. The surface area of the C-TiO 2 (0.04 wt%) was higher

than the TiO 2 which enables efficient adsorption of pollutants on

the surface due to the increase in the number of surface active sites.

However from the results, it can be inferred that high surface area

and smaller crystallite size alone do not contribute for the activity

but optimum dopant concentration plays a major role. 

The surface area for most of the doped samples was higher than
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Fig. 10. Rate constant versus carbon dopant concentration for both UV untreated and 

UV pretreated samples for the degradation of 4-CP under solar light illumination. 
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iO 2 sample. Larger surface area may be one of the important fac- 

ors for the photocatalytic degradation reactions, as large amount of 

ollutant can be adsorbed promoting the interfacial charge transfer 

ate. However the photocatalysts with larger surface area is usually 

ssociated with large amount of crystalline defects favoring the re- 

ombination of electron-hole pairs leading to low photocatalytic ac- 

ivity at higher dopant concentrations. Hence larger surface area is a 

equirement but cannot be a decisive factor [ 40 ]. 

tudy of reaction intermediates by GC–MS technique 

The formation of intermediates during the degradation process 

as identified by GC–MS technique. The sample was withdrawn from 

he reaction mixture at the time interval of 30 min and it was ex- 

racted in the organic solvent. This sample showed a chromatogram 

ith retention time of 9.973 and 11.189 min. The corresponding mass 

pectra recorded at the retention time 9.973 min showed molecular 

on peak corresponding to m / z of 4-CP at 127.9 and ( m + 2) peak 

t 129.9 in the ratio of 3:1. The m / z peak at 11.189 in the spectra 

an be attributed to the formation of hydroquinone as a result of 

ydroxyl radical attack resulting in the elimination of Cl group, 

ollowed by subsequent oxidation. The sample after 120 min of irra- 

iation showed two peaks at retention time 7.373 and 11.190 min 

n GC spectra corresponding to benzoquinone and hydroquinone re- 

pectively. The sample after 180 min has not shown any major peaks 

mplying the complete degradation of 4-CP. The GC–MS results are 

iven in Table 5 . 

onclusion 

The carbon was doped into titania matrix using commercially 

vailable anhydrous D-glucose as the carbon source. Carbon occu- 

ied interstitial positions in TiO 2 lattice and it was also distributed 

s carbonaceous species on the surface. The high activity of C-TiO 2 

or photocatalytic degradation of 4-CP under visible light was at- 

ributed to synergistic effect of doped interstitial carbon and surface 

arbonaceous species. The doped carbon induces trap sites within the 

and gap which inhibits the recombination in the bulk at optimum 

opant level. The surface carbon suppresses the formation of oxygen 

acancies, additionally contributing to overall activity by photosen- 

itization process. Hydroquinone and benzoquinone are the major 

eaction intermediates as confirmed by the GC–MS technique. 
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