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Abstract

The field of photocatalysis is one of the fastest growing areas both in research and commercial fields. Titanium dioxide is
the most investigated semi-conductor material for the photocatalysis applications. Research to achieve TiO, visible light
activation has drawn enormous attentions because of its potential to use solar light. This paper reviews the attempts made to
extend its visible photocatalytic activity by carbon doping. Various approaches adopted to incorporate carbon to TiO, are
summarized highlighting the major developments in this active research field. Theoretical features on carbon doping are also
presented. Future scenario in the rapidly developing and exciting area is outlined for practical applications with solar light.
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1. Introduction

The pioneering work of Fujishima and Honda [1] in 1972
revealed that water splitting is possible by illuminating a
titanium dioxide (TiO,) electrode in an electrochemical cell.
After their discovery much research has been undertaken in
the last three decades to engineer a suitable photocatalyst
material for water splitting in an electrochemical cell as well
for degradation of organic contaminants. Among the various
semiconductor materials, maximum attention has been given
to TiO, because of its high photocatalytic activity, resistance
to photocorrosion, photostability, low cost, and nontoxicity.

Titanium dioxide, also known as titanium(IV) oxide or
titania, is the naturally occurring oxide of titanium with the
chemical formula TiO,. It appears in three crystalline poly-
morphic phases: rutile, anatase and brookite. The surface
science of titanium dioxide has been thoroughly reviewed
recently [2]. Among those, anatase TiO, exhibits the highest
photocatalytic activity. The anatase, therefore, is the most
effective and widely used photocatalyst. The principles and
applications of photocatalysis have been excellently review-
ed [3-8].

1.1. Mechanism of photocatalytic reactions

Valence electrons (electrons in the outermost orbit) are
responsible for the bonding of atoms. When there are few
atoms, the energy values of electrons in orbits are scattered.
However, when the number of bonded atoms increases, the
values become continuous within a certain range, rather than
being scattered. This range is called as an “energy band”.

The area between two energy bands, where there is no
electron energy, is referred to as a “forbidden band”. Among
the bands filled with electrons, the one with the highest
energy level is referred to as the “valence band”, (VB) and
the band outside of this is referred to as the “conduction
band” (CB). The energy width of the forbidden band bet-
ween the VB and the CB is named as the “band gap”. The
band gap is like a wall that electrons must jump over in
order to become free (Fig. 1). The amount of energy required
to jump over the wall is referred to as the “band-gap
energy”. Only electrons that jump over the wall and enter the
CB can move around freely.

Valence band electrons of titanium oxide need to move up
to the CB when it is exposed to light of 380 nm or lower. At
the same time, as many positive holes as the number of
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Fig. 1. Semiconductor band structure.



Carbon Doping of TiO, for Visible Light Photo Catalysis - A review 215

electrons that have jumped to the CB are created. Titanium
oxide absorbs light having an energy level higher than that
of the band gap, and causes electrons to jump to the CB to
create positive holes in the VB. Despite the fact that the
band gap value is 3.0 eV for the rutile type and 3.2 eV for
the anatase type, they both absorb only ultraviolet rays. The
anatase type exhibits higher photocatalytic activity than the
rutile type. One of the reasons for this is the difference in the
energy structure between the two types. In both types, the
position of the VB is deep, and the resulting positive holes
show sufficient oxidative power. However, the CB is
positioned near the oxidation-reduction potential of the
hydrogen, indicating that both types are relatively weak in
terms of reducing power. It is known that the CB in the
anatase type is closer to the negative position than in the
rutile type; therefore, the reducing power of the anatase type
is stronger than that of the rutile type. Due to the difference
in the position of the CB, the anatase type exhibits higher
overall photocatalytic activity than the rutile type. If energy
is applied externally, electrons in the valence band can rise
(this is referred to as “excitation”) to the CB. Consequently,
as many electron holes (holes left behind by the electrons
moving up to the CB) as the number of excited electrons are
created in the VB. This is equivalent to the movement of
electrons from the bonding orbital to the antibonding orbital.
In other words, the photoexcited state of a semiconductor is
generally unstable and can easily break down. Titanium
oxide, on the other hand, remains stable even when it is
photoexcited. This is one of the reasons that titanium oxide
makes an excellent photocatalyst. The schematic presenta-
tion of OH radical generation is shown in Fig. 2. The strong
oxidative potential of the positive holes oxidizes water to
create hydroxyl radicals (2.80 V) by TiO, for photochemical
oxidation (PCO) of organic compounds, However, TiO, poor
absorption in the visible region due its large band gap has
restricted the utilization of solar energy to the UV portion,
which is only ~4% of the solar energy. Thus, most of the
solar spectrum goes to unutilized, because 45% of the energy
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Fig. 2. Photocatalytic activity of TiO,.

belongs to visible light.
1.2. Visible light activation of TiO,

Consequently, various attempts have been made to improve
the visible light activity. One strategy has been to coat the
surface of TiO, surface with a thin layer of dye [9-12]. This
method is known as dye sensitization and has been success-
fully applied to solar cell devices. However, the long term
stability of the dye is the main question [13]. A great deal of
effort has shown that doping with noble/transition metals,
such as Pt, Au, Ag, Cr, Co, V, and Fe, extends the spectral
response of TiO, well into the visible region and enhances
the photoreactivity [14-22]. However, transition metal ion-
doped TiO, suffers from some serious drawbacks, such as
thermal instability and low quantum efficiency of the photo-
induced charge carriers (electron-hole pairs). Further, low
inter particle electron transfer rate, photocorrosion of the
dopant, expensive and harmful nature of the doped materials
are not favoring this approach. A good photocatalyst material
must include the following properties.

(1) Band gap energy (approximately 2 eV band gap, with
CB and VB edges)

(2) Position of the lowest point in the CB

(3) Position of the highest point in the VB

(4) Strong optical absorption in the visible and ultraviolet
spectral regions

(5) Good stability in strong electrolytes and efficient charge
transfer properties between the semiconductor and the elec-
trolyte.

1.3. Carbon Modification of TiO,

There are a significant number of experimental reports on
the preparation of non-metal doped TiO, such as nitrogen
[23-34], sulphur [35-39], fluorine [40-44] and carbon for
extension of photocatalytic activity into the visible light region.
Besides C-doped titania, TiO, with carbon composites have
been prepared and used for PCO [45-53]. Carbon and TiO,
combine to produce a composite material possessing the
combined property of good adsorption and photocatalytic
activity leading to an enhanced effect. Generally two possi-
bilities of composites are possible; TiO, loaded on the AC
[48] and carbon coating on the surface of titania [49]. In
carbon coated TiO,, a suitable organic compound is coated
on the surface of TiO, followed by heating to yield a thin
carbon layer covering TiO, particle. These types of materials
had a carbon content of more than 2 wt% with a black color.
Here the carbon not only act as a carrier, but also can be
used as coating and pore agents. These biphasic composite
materials have beneficial functions such as accumulating
pollutants, capture intermediate products due to increase of
effective surface area, prevent phase transformation of TiO,
and grain growth. Though, these composite materials are
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reported to be more effective than pristine TiO, in PCO, they
are effective only with UV light. Further, it is expected that
the efficiency of mineralization is usually lower due to the
blocking of active sites by carbon. Surface modification with
organic complexes also has been investigated for the photo-
senstization of TiO, with UV light [54, 55]. However, a
coordination metal complex via photoinduced sensitizer to
TiO, is reported to be active with visible irradiation [56].
The long term stability of these complexes is to be establish-
ed, since they are likely to be degraded similar to dyes. The
main focus of this review, namely C-doped titania (CDT)
with the view of using visible light in photocatalytic reaction
is presented below.

2. Carbon doping of Titania

Addition of small amount of carbon impurity to TiO, in a
controlled manner can be referred as C-doping of titania.
The added C-impurity gives the semiconductor TiO, an
excess of conducting electrons or an excess of conducting
holes which is crucial for making visible light active. The
carbon doped titania contained less than 1 wt% of carbon.
The white color of the pure titania changed to grey/black
depending on the amount of carbon in titania. The general
chemical formula may be represented as TiO,., Cy and the x
value varies depending on the preparation conditions (Refer
Table 1). The incorporation of carbonaceous species may be
responsible for the absorption tail in the visible-light region.
The carbons in the doped samples may play the roles, such
as

(1) it is the sensitizer for visible-light absorption,

(i) it can also be the lattice defect of TiO, to form
interface states that effectively lower the band gap.

2.1. Theoretical work on carbon-doping

In a semiconductor compound consisting of different
atoms, the VB and CB formation processes are complicated,
but the principles involved are the same. It is well known
that the VB of titanium oxide is comprised of the 2p orbital
of oxygen, while the CB is made up of the 3d orbital of
titanium. In a semiconductor with a large band gap, electrons
in the VB cannot jump up to the CB. However, modification
of the band structure is essential to alter the light absorption
characteristics of the TiO,. With this in view, researchers
have focused their attention to modify its band structure in
such a way that the electron-hole pair is created on the VB
and CB of the TiO, by absorbing the light from visible
region. At the same time, the band edge position that is in
the top of the VB and bottom of the conduction position
should not be altered exceedingly. This may diminish the
reduction and oxidation capability of the TiO, photocatalyst.
Among the various methods to improve the visible light

activation, the recent studies on doping of nonmetals like N,
S, F, and C on TiO, lattice has opened a new door in the
non-metal doping with significant expectation. Also, it is
presumed that the mixing of empty and filled orbital of the
doped hetero atoms with the energetically coordinated
valence and conduction band orbital results in the broad-
ening of the VB and CB. Theoretical results that demon-
strate the doping of these non-metals on TiO, lattice results
in broadening at the top of the VB, due to the contribution of
2p or 3p orbital of doped hetero-atom [23]. The position of
heteroatom in the lattice plays a major role in the band
structure and position. In the case of TiO,, there are two
different sites (interstitial and substitutional) possible for
doping. The doping of hetero-atom in the substitutional
position into the TiO, lattice alters the band more efficiently
rather than the doping into the interstitial position. Also, the
visible light photocatalytic activity depends on the concen-
tration of the doped atoms.

Experimentally, it is known that oxygen vacancies exist in
TiO, [57]. Despite experimental findings and improvements,
the microscopic mechanism of visible-light absorbance in
doped TiO, is still not well established. The structure and
optical properties of carbon-doped titanium oxides, TiO,, in
the rutile and anatase forms have been investigated theoreti-
cally from density functional theory (DFT) first principles by
Kamisaka. et al. [58]. They considered two possible doping
sites namely carbon at an oxygen site anion doping and
carbon at a titanium site cation doping and their calculated
structures suggest [58], that cation-doped carbon atoms form
a carbonate-type structure, whereas anion-doped carbon
atoms (substitution on the oxygen site) do not invoke any
significant structural change. Due to carbon substitution on
the oxygen, a visible-light response was observed due to the
appearance of an unoccupied impurity state occurring in the
band gap. This optical response is beneficial in promoting
photocatalytic degradation reactions, given the importance of
electron holes in the VB in promoting this type of reaction.
Further, they [58] have analyzed the Fermi level and sug-
gested oxygen vacancies fill the in-gap impurity states by
emitting electrons. Pair formation between doped carbon
atoms and oxygen vacancies at a finite distance is expected
to inhibit photocatalytic activity.

Valentine and co-workers [59] performed for both rutile
and anatase TiO, carbon doping DFT calculations using
generalized gradient approximation. At low carbon concent-
rations, they predicted that substitutional (to oxygen) carbon
and oxygen vacancies are favored, whereas, under oxygen
rich conditions, interstitial and substitutional (to Ti) C atoms
are preferred. Higher dopant concentrations have been
modeled by substituting three lattice O atoms of the 96-atom
anatase super cell with three C atoms. This corresponds to an
impurity concentration of 3%. The effect of carbon doping
on the formation energy of oxygen vacancies can be
illustrated by the following reactions.



Carbon Doping of TiO, for Visible Light Photo Catalysis - A review 217

TiO5(5)~TiO2.(s)+xV,+x/2 O1(g) (Er vo=4.2 €V) (1)
Ti0,C(s)—TiO4.,C(s)+xVotx 205(g)(Ef vo=3.4 €V) 2)
Ti0,., Ci(5)—TiO2.2Ci(s) + xVot+x 20x(g) (Er vo=1.9 €V) (3)

The first of these reactions represents the formation of an
oxygen vacancy in undoped TiO,. With the super cell, the
corresponding energy (computed with respect to 1/20,) is
Ervo=4.2 V. In the presence of interstitial carbon (second
reaction), the same process costs 3.4 eV: this is the sum of
the energies needed to break both the C-O and Ti-O bonds.
Even more remarkable, the presence of substitutional carbon
(third reaction) reduces E¢ vy, to 1.9 eV, which is less than

Table 1. Summary of carbon doped titania methods

half the value computed for the nondefective bulk oxide.
This effect was ascribed to the tendency of substitutional C
atoms to accept excess electrons from the oxygen vacancy.
Here substitutional carbon is a deep electron trap that com-
petes with the Ti 3d states to accommodate extra charge
generated by doping (e.g., via the addition of alkali metals)
or by the formation of substoichiometric oxides.

The impurity states are attributable to both substitutional C
atoms replacing O atoms, and to interstitial C atoms. These
species are likely to be simultaneously and synergically pre-
sent in anatase TiO,. The results are different when carbon
replaces titanium, because no states are found in the band
gap, but only a small band gap shrinking. This could account

SIL. Precursor & Method

Application

No. of doping Observations/Remarks tested Reference
Formation of highly condensed carbonaceous species, DRS
Ti-alkoxide, sol-gel hydrol- shift towards visible light, Long term stable semi-conductor p-Chlorophenol L /
I ysi d calcination evident from phot t study, Up to 0.6% carbon i - degradation with above ““rant €k
- ysis process and calcination evident from photocurrent study, Up to 0.6% carbon incorpo- degradation with above ™, [64]
at 250°C ration, Heating above 400°C no carbon in TiO, and no visible 400 nm
photocatalytic activity
Controlled combustion of Ti n-TiO,., C, where x is ~0.15, Khan ef al
2. metal in a natural gas flame Absorbs up to 535 nm with a band gap energy of 2.32 eV, Water splitting 2002 [6 5]'

at about 850°C

Photoconversion efficiency 8.4%

Hydrolysis reaction with

Carbonate species formed confirmed by XPS and IR, DRS-
3 TiCly and tetrabutyl ammo- absorption at 400-700 nm, Maximum band gap narrowing
" nium hydroxide followed by 0.14 eV, carbon incorporated in TiO, up to 2.98%, Presence of

Oxidation of gaseous Sakthivel and
acetalaldehye, benzene Kisch, 2003

calcinations at 550°C surface states close to the valence band edge and CO [60]
UV light decomposition
4 High temperature oxidation XPS broad peak around 289.0 eV due to carbonate com- of MB dye and water ~ Choi et al.
* of TiC at 350-800°C in air pound, No evidence of visible light absorption decomposition to form 2003 [66]
H2 gas
5 High temperature oxidation XPS & XRD prove C-doped anatase, DRS of doped sample 1\;[1]11 (:ZE ieg;ad;(‘;gg(;n Choi et al.
© of TiC at 350°C shifted to low energy region (red shift) & am 2004 [67]
6. — Absorption edge of carbonate species doped TiO, shifted MB dye degradation ~ Ohno et al.
’ from 400-700 nm with 550 nm light 2004 [68]
TiC oxidative annealing at . . . ... _Martyanaet al.
7. 800°C for 2 h Rutile form with band gap of 2.95 eV Acetaldehyde oxidation 2004 [69]
Anodization of titanium foil Significant enhancement in the visible spectrum (400-700
8. followed by propane flame nm), highest carbon content up to 5.6% in doped material, Photo current Shankar et al.
’ anncalin 13(/) f 3 II;I in XPS peak of C-C(285.3 eV), CO(286.5 V), and COO(289.0 generation 2005 [70]
& eV). No Ti-C signal at 281.9 eV
carbon-doped materials consisted of pure anatase modifica-
tion (101 reflex, 12.64°% 200 reflex, 24.02°-XRD, Diffuse
Hydrolvsis reaction with reflectance spectra reveal that the new absorption at 400-700
T'y Y nm is related to the carbon content, Band gap energies of 3.02 Lo
9 iCl and tetrabutyl ammo- and 3.11 eV were obtained for TiO,-Cla and TiO,-Cl1b Formic acid Neumann et al
" nium hydroxide followed by ) 2 = decomposition 2005 [71]

calcinations at 400°C in air

.7 assuming that both are indirect semiconductors, like unmodi-

fied titania, total photocurrent as well as the surface photo-
voltage of the doped materials decreased markedly in relation
to the undoped one, lack of reactivity with water.
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Table 1. Continued

Sl. Precursor &. Method Observations/Remarks Application Reference
No. of doping tested
. Brown colored product with 3.2% incorporation, band gap 2.85
TiCly and TBAH (pH 5.5), ’ . B Reddy et al.
10 600°C for 3 h eV, XPS core level at 281.82 eV(C 1s), doped sampled active 2005 [72]
electrochemical response
Tetrabutvl orthotitanate b Yellow to brown below 300°C calcinations and colorless above
ty Y 300°C, High temp. above 500°C increase size of particle and low- N Tseng et al.
11 sol-gel method followed by . S NOx oxidation
> o~ €rs photo activity, Deactivation of the catalyst due to coverage of 2006 [73]
calcinations at 150-600°C -
adsorbed NOs™.
Mixed phase of anatase, rutile, brookite and amorphous with car-
. bonaceous species formation evident from Raman spectra, high
Sol gel process and calcina- o .. . Chou et al.
12 tions at 150 & 200°C photo activities in the visible range(above 400 nm) with bandgap - 2006 [74]
of ~2.7-2.8 eV, carbon incorporation helps in phase transforma-
tion
13 TiC powder oxidation at 3(6”21?0;6?5%“7% /b};g_ij;:orzxile?fﬁfs E)r (())rlj i?) eiVn, Cﬁ;b(gloglzgf_ Tricholoro acetic Shen et al. 2006
350°C for 8 h Evity -1 70 P PINg 115 p acid degradation [75]
Film deposition on glass  Ti-C bond peak at 282 eV (XPS), Narrowing band gap due to
plates by sputtering Ti metal mixing of C 2p and O 2p, carbon content (0.7-1.1 mol%), UV Irie ef al. 2006
14 under CO,/Ar gas mixture irradiation of doped material resulted in more hydrophilicity - e[7a 6']
in a RF magnetron sputter- doped carbons located at the oxygen sites, Shift in absorbance
ing apparatus edge and shoulder to a longer wave length region
TiCl, & glucose solution XRD peaks at 360.1 and 161d3 due tlo oxycarbide of gle Cy,
spray pyrolysis followed by Temp.above 700°C resulted in rutile structure, Bandgap narrow- - Xu et al. 2006
|5 SPray pyroiysis X ing from 3.20 to 2.82 & 2.63 eV for calcinations in air at 500°C Water splitting ;
calcinations in air at 400- . o o . [77]
o . and in Ar at 700°C, photocurrent stability test indicated good sta-
850°C for 5-10 min o1
bility film.
Ti foil anodizing and
16 annealing at 400C for 1 h  Higher photocurrent density for TiO,., C, nano tube than TiO,, Water splittin Park et al. 2006
followed by CO treatment at band gap narrowing to 2.22 eV P & [78]
500-800°C
ﬂ;g{% tf;?rzlistga;o oxide Dark black colored material, small increase in optical density
17 with annealin atg 5 0pC for 6 between 400-500 nm carbon content is low 0.1 At% with carbon Enache et al.
aing . ... on the surface of TiO,, Re-oxidation for 30 min is needed for bet- 2006 [79]
h, carbon incorporation with ter incident photon-to-current conversion efficiencies (IPCE)
hexane at 500°C for 4 h p
18 Ti sheet oxidation (flame  XRD spectra shows rutile structure, no evidence of Ti-C bond due Water solittin Barnes et al.
pyrolysis) with methane ~ to high temp., low temp. (700°C) gave best photocurrent results plting 2006 [80]
Anodization of Ti sheet fol- Eight times more photo-response of D-doped TiO,, carbon con- Xu et al. 2007
19 lowed by natural gas flame tent is 1.8-3.7% with rutile form, band gap reduction to 2.84 eV, - 8 1']
treatment at 820°C two fold increase in photocurrent density
Spray pyrolysis of glucose C-doping reduced the} baqd gap energy to 2.78 eV and created a Xu & Khan,
20 containine TiCl solution "M€" energy band which lies above 1.45 eV above valence band, - 2007 [82]
& 4 increase in C content enhanced the photoresponse of doped films
Hvdrolvsis of titanium iso- Doping of C prohibit formation of brookite, doped catalysts
yaroly . . absorbs more light in the range of 400-480 nm, incorporation of RhB dye degrada- Ren et al. 2007
21 propoxide & heating with . - . :
o C can slightly improve the surface area, band gap lowering to tion [83]
glucose at 160°C for 12 h 301 eV
Anodization of Ti foil Surface doping than bulk doping observed, Good photo response Hahn ef al
22. followed by thermal acety- over the whole range of visible light up to the near IR region (1.5 - 2007 [8 4]'

lene treatment at 500°C eV)
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for the slight reduction of the optical threshold energy in the
ultraviolet (UV) region observed experimentally [60], but
not for the enhanced absorption in the visible region. The
concomitant presence of C species and O vacancies has been
observed experimentally, with X-ray photoelectron spectro-
scopy (XPS) and electron paramagnetic resonance (EPR)
and responsible for the improved photocatalytic activity in
the visible region [61]. Carbon impurities result in modest
variations of the band gap but induce several localized
occupied states in the gap, which may account for the
experimentally observed red shift of the absorption edge
toward the visible. Carbon doping may favor the formation
of oxygen vacancies in bulk TiO,.

The electronic properties of N- and C-doped titania was
analyzed by Lee et al. [62] using first principles density —
functional calculations. They suggested that the red shift of
optical absorption of doped material is related to the pre-
sence of isolated C 2p states in the band gap of TiO, rather
than a band gap narrowing. Coupling of the top most C 2p
state with Ti 4d state and this interaction between the C
impurity and its neighboring Ti atoms in C-TiO, is relatively
more than N-doped TiO,. Xu [63] also reported a similar
prediction based on band structural studies that the visible
light activity is due to the isolated impurity states in the band

gap-
2.2. Experimental studies on C-doping

2.2.1. Preparation methods

Various titanium and carbon precursors that have been
used for the preparation of CDT are summarized in Table 1.
It is clear from this table, the preparation methods used are
hydrolysis followed by thermal treatment, Ti metal burning
in flame, oxidative annealing of TiC, spray pyrolysis of Ti
and C —precursors and Ti metal sputtering and then RF
treatment with CO, also utilized. The Ti precursors employ-
ed are titanium alkoxides-tetrabutyltitanate (TBT) and titanium
tetra-isopropoxide (TTP), Ti metal, TiCly, and TiC with
carbon sources such as CO, CO,, methane, natural gas,
hexane, acetylene, alkoxides, carbide and tetrabutyl ammonium
hydroxide (TBAH). Heat treatments up to 600°C yield
anatase and above 800°C the rutile type. Presence of carbon
is reported to prevent phase transformation [79]. However,
crystal phase depends on the temperature and preparation
conditions.

2.2.2. Spectral studies of doped material

Characterization of the prepared CDT catalyst was carri-
ed out by instrumental methods such as XRD, XPS, IR,
Raman and UV-visible to confirm the doping and nature of
materials. SEM/TEM also used to know the morphology
[64-82]. All the researchers observed a color change and the
color varies from yellow to black depending on the method
of preparation [64,72,73,79]. In the UV-visible diffuse

(a) pure anatase TiO,
(b) C-doped anatase TiO,

Absorbance (a.u.)

300 350 400 450 500 550 600 650
Wavelength (nm)

Fig. 3. UV-visible diffuse reflectance spectra of pure titania and
C-doped. (Source Ref: 67)

reflectance spectra (DRS) of doped TiO, samples, a notice-
able shift in the absorption edges was observed (Fig. 3). The
new absorption in the range 400-600 nm is related to the
carbon content. This noticeable shift of the optical absorp-
tion edges of the doped TiO, systems toward the visible
regions of the solar spectrum. Notably, this shift towards the
longer wavelengths originates from the band gap narrowing
of titanium dioxide by carbon doping and the band gap
energy (Eg) of the doped samples determined from the
equation,

Eg=1239.8/4 “4)

where A is the wavelength (nm) of the onset of the spectrum.
This lead to band gap lowering and up to 2.3 eV has been
reported [65, 78]. This implies that doping introduces elec-
tronic states in the band gap that are spread across the band
gap, resulting in a diffused absorption spectrum. Because the
doped samples have lower band gap energies than the
undoped TiO, (3.00-3.2 eV), these doped photocatalysts are,
therefore, likely to useful under visible light illumination.

The infrared (IR) spectrum of the C doped TiO, film
shows several peaks between 2800 and 3000 cm™' are
assigned to organic compound remained in the materials.
The peaks around 2350 cm™' are the structure of CO,. The
peak at 1741 cm™ was assigned to the —COOH of acetic
acid in the sol. In the low frequency part of the spectra,
many fluctuant bands develop around 500 cm™ is attributed
to the anatase phase of TiO,. The peak at 1719 cm™' was
attributed to carbonate. IR spectrum of TiO,-C which ex-
hibits low-intensity peaks at 1738, 1096, and 798 cm™
which are indicative for the carbonate ion [60, 88].

The Raman spectra of the points indicated in the spatial
positions in the spectral mapping [74]. The Raman shifts
around 400, 520, and 640 cm™' were assigned to the anatase
phase, two peaks on 325 and 360 cm™ are for the brookite
phase and around 440 and 610 cm™' are for the rutile phase.
Mixed anatase and rutile (or brookite) phases were observed
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Fig. 4. XRD spectra of doped and undoped titania. (Source: Ref
79).

on doped samples. It is possible that the existence of rutile
grains and the mixed surface structures effectively reduced
the band gap by introducing some interface states in the
prepared samples. The formation mechanism of the mixed
phases is perhaps assisted by the impurities like carbonace-
ous species existing on the prepared TiO, surface followed
by the calcination of the samples that transformed the
amorphous phase to the more stable rutile phase in lower
temperature. Detailed confocal Raman mapping showed that
carbon structure also coexists with the rutile phase.

Fig. 4 shows the X-ray diffraction (XRD) spectra of
undoped and hexane-treated TiO, after thermal treatments at
increasingly higher temperatures [79]. At 850°C, the relative
amount of rutile in hexane-treated TiO, is less than that for
undoped TiO,, which is indeed consistent with the assump-
tion that a small amount of carbon is present in the bulk of
the material. A similar series of measurements carried out by
the authors on carbon-doped TiO, samples made by spraying
under a CO, atmosphere. The transformation to rutile is
much more strongly suppressed, and no traces of rutile are
found even. The crystal nature is a function of calcining
ambient, temperature, and carbon source concentration dur-
ing doping. Below 500°C, the samples show the anatase
structure. As the calcining temperature was increased to
700°C, the C-doped samples consist of significant rutile
structure as well as the anatase, and its crystallinity greatly
improved. It is important to note that they exhibit the
presence of TiOC,, identified by the peaks at 36.1 and 61.3
0. The presence of oxycarbide in the CM-n-TiO, indicates
that doped carbon atoms occupy some oxygen sites in the
lattice.

X-ray photoelectron spectroscopy (XPS) survey spectrum
(Fig. 5A) of carbon-doped TiO,, indicated that the sample
contains only Ti, O, and C with binding energies for Ti
2p3/2, O 1s, and C 1s are 4584, 529.7 and 284.8 eV,
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2p for carbon doped titania. (Source: Ref 83).
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respectively. The carbon state in the photocatalyst was
assessed by C 1s core levels, as shown in Fig. 5B [83]. Two
peak structures at the binding energies of 284.8, 288.6 eV
were observed for the carbon-doped TiO,. The peak (284.8
eV) is thought to signal the presence of adventitious ele-
mental carbon and the peak (288.6 eV) indicates the pre-
sence of C-O bonds. These data reveal that carbon may
substitute for some of the lattice titanium atoms and form a
Ti-O-C structure. XPS signals of Ti 2p were observed at
binding energies at around 458.5 ¢V (Ti 2p3/2) and 464.3 eV
(Ti 2p1/2), as shown in Fig. 5C. The Ti 2p peaks were in
good agreement with pure TiO,. XPS measurements for C
doped TiO, material showed a peak due to the Ti-C (281.9
eV).

2.2.3. Visible light application studies

As summarized in Table 1, various dyes namely methyl-
ene blue (MB), methyl orange (MO), thodamine B (RhB)
and chlorinated organics such as p-chloro phenol, dioxin,

Table 2. Mixed co-doping with carbon

trichloroaectic acid have been tested for PCO under visible
light. Apart from these, air pollutants namely CO, acetalde-
hyde, NOx also examined for their elimination. Visible light
water splitting for hydrogen production also reported. These
preliminary investigations results are encouraging.

From mechanistic studies Lettmann et al. [64] proposed
that oxygen plays a major role in the photodegradation with
two major reaction pathways,

1. The carbonaceous species acts as a photosensitizer
without participation of the titanium dioxide. After excitation
of the photosensitizer S, singlet oxygen is formed by a
triplet-triplet energy transfer. Alternatively, an electron can
be transferred directly from the excited photosensitizer to
triplet oxygen to generate the superoxide radical anion O,".
Both species, singlet oxygen and O,”, are capable of
degrading organic compounds.

2. The excited photosensitizer injects an electron into the
conduction band of titanium dioxide (as shown in the
equation below). Subsequently, the electron is transferred to

S1.  Elements co- Method of . Application
No doped in TiO, Catalyst preparation Remarks/observation tested Ref
Atom incorporation (S-0.1%, C-0.2%), In XPS no MB dve and 2-
| C&S Rutile TiO, with thiourea nitrogen peak, carbonate peak at 288 eV (C 1Is meth i/ ridine Ohno et al.
) calcination at 400-500°C binding energy), absorption edge shifted from 400 ™ ; Y By 2004 [85]
. egradation
to 700 nm due to doping
Nano sized yellow color product with, EDX results
ol (O 0 _ o, _
TIP treated with ammonium thio- otfodop Zd matgrlal. C 253{?” S (li.7hatA> 7Ag lfo Hamal and
cyanate or thiourea and AgNOs at% and no nitrogen, Ag" boosted t ¢ amount o Acetaldehyde amat an
2. C,S&Ag 4 . * carbon from 5.5-7.7% due to formation of silver . Klabunde,
The product was calcined at 0 . degradation
500°C for 2 h in air carbonate (IR peak at 761 cm™), Shift towards 2007 [86]
longer wave length with band gap lowering to 2.77
eV, Enhanced photo activity due to silver.
Mechanochemical method by ball Nitrogen Komatsu ef
3. C &N  milling of p-25 titania and 10%  Two absorption edges at 400 & 540 nm monoxide al. 2006 [87]
hexamethylenetetrazine (HMT) oxidation )
TIP hydrolysis and coatingon  TiO5,NC, has two absorption thresholds in visi-
4 C&N glass plate. Doping i_n an ionized ble range (392 & 521 nm) with band gap of 3.06 & MO dyp Yang et al.
) N, followed by heating at 500°C 2.22 eV), XPS 398.7 eV due to C-N bond in the degradation 2006 [88]
for2h film, IR 1719 cm™" due to carbonate
Carbon doping more pronounced than that of nitro-
TTB,urea & TBAH hydrolysis, gen, carbon species located at the surface of TiO, MB dve Chen et al
5. C& N  evaporation to get xerogel and  nano particles (no 281 eV EPS peak), Enhanced deora da}t,ion 2007 [89].
calcinations at 400-500°C absorption in the visible region due to co -doping &
(C& N) synergistic effect
Meghal}ochemlcal dopmg method Two absorption edges at 408 & (3.04 eV) and 530- .
of titania with ammonium carbon- ) . Nitrogen .
. 550 nm (2.21-2.234 eV), ncreasing mechnochemi- . . Yinetal.
6. C&N  ate & HMT by mixing in a ball . . monoxide oxi-
. o cal stress causes red shift & band gap narrowing, . 2007 [90]
mill followed by calcinations at more co-doping with HMT dation
400°C for 1 h. pPIng
TIP sol gel hydrolysis ,followed 1.65, 0.72 and 1.62 wt% N, C&S elements in TiO,, ..
7 N,C, & S Dby thiourea reaction to form cata- enhanced photocatalytic activity of the anions D10x1r} Chu et al.
’ i degradation 2005 [91]

lyst film on glass plate

doped catalyst
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oxygen adsorbed on the semi-conductor surface producing
0,
hv . TiO, L 0, . _
S—> S ——> TiO,” + St—— S++T102+02.
For both pathways to become catalytic, the oxidized photo-
sensitizer has to be reduced again, e.g. by oxidations of
organic compounds.

Three reasons may account for the high visible-light activity
of C-doped TiO,. First, C-doped TiO, with high surface area
can provide more active sites and adsorb more reactive
species, which could have been the reason for its enhanced
photocatalytic activity. Second, it is considered that the
carbon may substitute for some of the lattice titanium atoms
close to/on the surface of TiO, because the TiO, were
already formed before doping. Therefore, the band gap
narrowing was occurred in the C-doped TiO,, which could
absorb more visible light. These substitutions of surface
lattice titanium atoms may explain why doped TiO, catalysts
with different doping amount of carbon showed similar
photocatalytic activities, because surface lattice titanium
atoms of the TiO, sample had a certain amount, resulting in
a limited accommodation for carbon substitutions. Kamisaka
et al. suggested that cation-doped carbon atoms (carbon at a
titanium site) formed a carbonate-type structure by theore-
tical calculation [58]. This is similar to another carbon-doped
TiO, photocatalyst reported by Sakthivel and Kisch [60].
Finally, the reduction of organic chemical employed in the
hydrothermal process lead to carbonaceous species embedd-
ed in the TiO, matrix. This may lead to the formation of new
active sites, which are also responsible for the observed
higher photocatalytic activity.

2.3. Other elements co-doping with carbon

Table 2 presents the studies carried out co-doping of other
elements along with carbon. In addition to the above men-
tioned preparation methods listed in Table 1, mechano-
chemical method also reported for preparing co-doped cata-
lysts. These materials also characterized using appropriate
analytical technique to ascertain the nature of dopant and
tested for visible light utility and reported to be efficient.
These kinds of co-doped Titania with carbon catalyst
materials are likely to play a major role possibly due to their
combined effect.

3. Future Trends

From the foregoing it is clear that CDT material has
shown promising results for visible light activation. This
second generation photocatalyst is a fast developing area and
is going to find plenty of applications. Further research and
development are necessary in this exciting area. Some
indications have been given of the likely areas where current

and future research may prove to be of great value in
environmental protection. These are

« Fabrication of nm sized c-doped material for maximum
activity.

+ Investigation on the source of carbon (precursor) employ-
ed and method of preparation.

« Improved methods to incorporate most suitable carbon
content for solar light use in environmental remediation
(PCO) and water splitting to produce hydrogen.

+ Simultaneous doping of other materials with carbon in
promoting photocatalytic activity.

* Long term stability of TiO, C-doped photocatalysts ex-
amination.

« Factors improving the solar light photocatalytic activity
in general with increased quantum yield.

« Applications such as atmosphere cleaning, wastewater
purification, soil remediation and solar cell.

« Pilot scale testing

* More detailed research to understand the visible light
activity of CDT.

* Preparation of other C-doped metal oxides (like Zn, Sn,
W, Fe, etc.) to modify their properties to find useful
applications.

It is hoped that the C-doped titania material with long term

stability and low band gap will soon find solar light driven
technology for industrial use.
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